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ABSTRACT 
Agroforestry practices are tree-based systems (such as tree windbreaks) 
strategically integrated into agricultural landscapes to variously and often simultaneously 
produce marketable products directly while enhancing the production of other crops, 
and/or provide a broad array of environmental services such as carbon sequestration. Tree 
windbreaks have been planted extensively in the U.S. Great Plains following a large tree 
planting program during the Dust Bowl of the 1930’s. Windbreaks are one or multiple 
rows of trees and shrubs that are established for reducing wind speed. Windbreaks have 
been assessed for their ability to provide cellulosic bioenergy feedstock and carbon (C) 
sequestration opportunities. The integration of deep-rooted trees in the landscape has 
been assessed for enhancing carbon (C) storage and sequestration potential in biomass 
and in deeper soil profiles. Information on soil C storage and dynamics of trees, 
especially in deeper soil profile is, however, inadequate. This thesis presents a series of 
integrated studies to advance understanding of the impact of trees on soil organic carbon 
(SOC) storage and on soil physical and chemical properties. For this, the study evaluated 
eight tree plantings within the original Prairie States Forestry Project (PSFP) shelterbelt 
planting zones for representative tree species, soils, previous land use, and climate in four 
Northern Great Plains states North Dakota, South Dakota, Nebraska, and Kansas (ND, 
SD, NE, and KS, respectively). In the first study presented in Chapter 2, changes of SOC 
stocks and other soil properties were quantified on soil samples collected to 1.25 m 
beneath the tree plantings and in the adjacent farmed fields. We found that soils beneath 
trees had higher SOC stocks as compared to the adjacent fields. Tree plantings decreased 
bulk density, and enhanced soil aggregation as compared to the adjacent farmed fields. In 
xi 
addition, higher SOC stocks were found in the subsurface soil beneath trees and the 
adjacent farmed fields as compared to the surface soil thus, demonstrating the importance 
of studying deep SOC especially when regional C sequestration potential is being 
assessed. In Chapter 3, Stable C isotope-ratios technique was used to quantify the relative 
SOC contribution of tree C to the total SOC stocks. More tree-origin C was found in tree 
soils and at deeper depths indicated that tree presence promoted storage of C. Overall, 
trees show significant potential for the sequestration of SOC compared with the adjacent 
farmed-fields.  
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CHAPTER 1.    GENERAL INTRODUCTION 
The United States climate change assessments concluded that the U.S. climate is 
changing and it will continue to change during the 21st century (Wuebbles et al., 2017). The 
variability of temperatures and precipitations patterns is expected to become greater and to 
vary greatly across regions thus, posing distinct challenges on agricultural regions (Dosskey 
et al., 2017). Current land use in the Great Plains states of the north central region (NCR) is 
strongly influenced by an east-west gradient in precipitation and a north-south gradient in 
temperature. Drought, wind erosion and dust problems are likely to increase under climate 
change and cause considerable stress to the region (Dosskey et al., 2017). Historically, when 
similar conditions presented during the Dust Bowl era of the 1930s, the U.S. Government 
promoted agroforestry to address these environmental problems. Yet since that time, due in 
part to rising land values, lack of markets for tree-based products, and changes in agricultural 
technology, many of these original plantings have been removed or left unmanaged and are 
biophysically in decline (Schaefer et al., 1987).   
An opportunity for expanded tree planting and/or increase tree management came 
with Energy Independence and Security Act (EISA) of 2007 which established a Renewable 
Fuel Standard (RFS; now updated to RFS II) mandating 36 billion gallons of biofuels be 
produced annually in the U.S. by 2022.  Of this amount, 44.4% of the RFS is to be based on 
cellulosic feed stocks, such as crop residues, dedicated herbaceous crops, and woody biomass 
from natural and planted systems. Since this time, many states have also expanded the 
utilization of renewable energy including biomass based heat and electricity via legislated 
Renewable Portfolio Standards or less formalized renewable energy goals (Durkay, 2017). A 
land use system that has the potential to serve multiple purposes in the context of climate 
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resiliency and bioenergy production is agroforestry, a managed, productive, and sustainable 
land- use practice where herbaceous and woody species [i.e. trees/shrubs] are deliberately 
combined with agricultural systems on the same land to enhance crop productivity and 
ecosystem functionary (Schoeneberger, 2009). A distinct advantage of Agroforestry systems 
(AFS) is that the purposeful combination of trees with agricultural systems has greater 
potential to produce food, fiber, and forage than any one treeless system individually (Sauer 
and Hernandez-Ramirez, 2011). Trees exploit resources (nutrients, water, and light) through 
their extensive multi-layered aboveground canopies, deep extensive rooting systems, and 
longer growing seasons that may not captured by annual crops (Sauer and Hernandez-
Ramirez, 2011) thus, AFS have great potential to increase per unit land areas productivity. 
Other benefits of AFS also include the capacity to sequester carbon (C) in soils and in their 
biomass, thus, the ability to restore degraded soils, enhanced ecosystem services, and the 
ability to provide cellulosic bioenergy feedstock (Schroeder, 1994; Rosenberg and Smith, 
2009; Schoeneberger, 2009; Sauer and Hernandez-Ramirez, 2011). The attractiveness of 
using agroforestry to enhance C sequestration in soils compared with treeless systems rests 
on the premise that tree component of AFS can act as a significant sink for atmospheric C 
due to their long term storage of C in their above- and belowground biomass (Jose, 2009), 
especially in the deep extensive rooting system (Haile et al., 2008).  
The Northern Great Plains (NGP) states have an extended history of agroforestry 
plantings beginning with the Prairie States Forestry Project (PSFP) of the 1930’s when over 
210 million trees were planted as windbreaks on approximately 237,000 acres in North 
Dakota, South Dakota, Nebraska, Kansas, Oklahoma, and Texas (Droze, 1977). Windbreaks 
or shelterbelts designed specifically for controlling wind speed and erosion thus, protecting 
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soils, crops and livestock, and enhancing local microclimate (Brandle et al., 2004; Garrett, 
2009). Tree-based ecosystem benefits continue to be broadly recognized by NGP landowners 
as important to their farming systems (Hand et al., 2017).  
Few studies have examined the consequences of integration of windbreak plantings 
on soil organic carbon storage. Studies on the variability of soil C under different land-use 
systems is important for understanding and assessing the impact that tree based biomass 
systems may have on SOC and the associated improvement of the ecosystem benefits 
(Dhillon & Van Rees, 2017; Garrett, 2009; Jose & Bardhan, 2012; Lorenz & Lal, 2014; 
Udawatta et al., 2015). However, quantitative information about belowground C inputs in 
agroforestry systems is inadequate (Cardinael et al., 2015; Lorenz & Lal, 2014) especially in 
temperate regions (Nair et al., 2010). Moreover, most agroforestry studies considered SOC at 
the surface to 30 cm depth (Nair, 2012). In order to determine the full capacity of practices 
such as windbreaks to sequester C, it is important to study SOC deeper in the soil profile 
(Nair, 2012). Considering these gaps, the general objective of this thesis seeks to advance 
understanding of the impact of trees on soil carbon sequestration in the U.S. NGP. The 
specific objective are: 
 Quantify the total SOC stocks to 1.25 m soil depth for eight historical tree 
windbreak plantings and their adjacent farmed fields.  
 Determine the relative contribution of trees and the adjacent farmed fields to 
SOC using the natural carbon isotopic differences between C4 (mainly warm 
season grasses Zea Mays in this study) and C3 plants (trees and some cool 
season grasses).  
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Thesis Organization 
This thesis consists of four chapters, and presented in systematic studies. Chapter 1 
(this chapter) provides a brief background on the tree windbreaks history and their role in a 
low rainfall area like the U.S. Great Plains. This chapter also summarizes how these 
historical tree plantations provided an array of environmental services (e.g. soil carbon 
sequestration and the associated soil health benefits). Chapter 2 quantifies the impact and the 
potential of tree plantings on enhancing SOC storage as compared to the adjacent farmed 
fields which included forage production and cropped fields. Using the natural abundance of 
stable C isotope-ratio (13C), the source of SOC was traced into its origins (from C3 or C4 
plants) (Chapter 3). Chapter 4 summarizes key finding of this research and provide general 
conclusions. In addition, chapter 4 provides suggestions for future research needs. Chapter 2 
and 3 are manuscripts which will be submitted for publication.  
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CHAPTER 2.    CHANGES IN SOIL ORGANIC CARBON AND SOIL PROPERTIES 
BENEATH TREE WINDBREAK PLANTINGS IN THE U.S. GREAT PLAINS  
Modified from a manuscript to be submitted to the Agroforestry Systems 
A. A. Khaleel1, T. J. Sauer2, and J. C. Tyndall1 
Abstract 
Agroforestry systems (AFS) such as tree windbreaks for wind erosion control and 
crop microclimate modification became a common practice in the U.S. Great Plains 
following a large tree planting program during the Dust Bowl of the 1930’s. Tree windbreaks 
offer opportunities to sequester soil organic carbon (SOC) and to improve the quality of 
degraded soils. However, our understanding of the effect of trees on SOC is largely limited to 
the upper 30 cm of the mineral soil. The objective of this study was to quantify the changes 
in SOC and relevant soil properties beneath tree plantings for representative tree species, soil 
type, previous land use, and climate in four Great Plains states, North Dakota, South Dakota, 
Nebraska, and Kansas (ND, SD, NE, and KS, respectively). Samples were collected from a 
soil pit and two adjacent auger holes at 0-10, 10-20, 20-30, 30-50, 50-75, 75-100, and 100-
1.25 m depth increments within the trees and in a neighboring field within the same soil map 
unit. Soil samples were analyzed for SOC, inorganic carbon (SIC), total nitrogen (TN), pH 
(in water and KCl), particle size, bulk density, and water stable aggregates. Soils beneath 
trees averaged 2.93± 2.07 kg m–2 (mean±standard error) greater SOC stocks measured to 1.25 
m than the adjacent farmed fields. Differences ranged from +10.54 kg m–2 to a –5.05 kg m–2. 
The subsurface soil had greater SOC stocks than the surface soil beneath trees (9.54 vs. 8.84 
                                                 
1 Department of Natural Resource Ecology and Management, Iowa State University, Ames, IA, 50011 
 
2 USDA-ARS, National Laboratory for Agriculture and Environment, Ames, IA, 50011 
8 
kg m–2) and the adjacent farmed fields (7.85 vs 7.61 kg m–2), respectively. This finding 
demonstrates the importance of studying the C stored at deeper depths under tree-based 
practices when the SOC sequestration potential of trees is being assessed. Overall, the results 
indicate the potential of trees to store carbon in soils of the U.S. Great Pains and in deeper 
soil depths.  
Keywords agroforestry systems, deep soil organic carbon, soil carbon sequestration, 
Northern Great Plains.  
Introduction 
With the passing of the Energy Independence and Security Act (EISA) in 2007, the 
Renewable Fuel Standard (RFS; now updated to RFS II) mandated 36 billion gallons of 
biofuels be produced annually in the U.S. by 2022.  Of this amount, 44.4% of the RFS is to 
be based on cellulosic feedstock. Since this time, many states have also expanded the 
utilization of renewable energy including biomass based heat and electricity via legislated 
Renewable Portfolio Standards or less formalized renewable energy goals (Durkay 2017). As 
such, throughout the agricultural regions of the United States there has been strong interest in 
exploring the potential of regionally based biomass systems including a mix of crop residues, 
dedicated herbaceous crops, and or woody biomass systems (Langholtz et al. 2016). One 
such region with significant biomass potential is the Northern Great Plains (NGP) region of 
the United States (Langholtz et al. 2016). While crop residues and herbaceous biomass 
systems have received a significant amount of research attention in the NGP region (e.g., 
Mcguire and Rupp 2013; Qingwu Xue 2013; Mitchell et al. 2016) there is interest in 
exploring the niche potential of woody biomass in general (Rosenberg 2007; Rosenberg and 
Smith 2009; USDOE 2011).This interest is driven largely because of inherent advantages 
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that woody biomass systems have over other biomass feedstock systems with regard to 
energy potential, feedstock storage and logistics, and concomitant enhancement of field and 
watershed level ecosystem services (Tyndall et al. 2011). More recently, NGP agricultural 
landowners (farmers and ranchers) have expressed interest in woody biomass systems that 
are integrated into agroforestry practices put into place for various conservation benefits such 
as habitat, soil health, and carbon (C) sequestration (Hand et al. 2017).  
Agroforestry practices are tree-based systems such as windbreaks, forest buffers, and 
silvopastural systems, strategically integrated into agricultural landscapes to variously (and 
often simultaneously) produce marketable products directly, enhance the production of other 
crops, and/or provide a broad array of environmental services (Garrett 2009). Specific to 
biomass production, agroforestry systems have been assessed globally for their marketable 
yields and concomitant environmental services such as carbon sequestration (Montagnini and 
Nair 2004; Gruenewald et al. 2007; Jose and Bardhan 2012).  
The NGP states have an extended history of agroforestry plantings beginning with the 
Prairie States Forestry Project (PSFP) of the 1930’s when over 210 million trees were planted 
as windbreaks and buffers on approximately 960 km–2 in North Dakota, South Dakota, 
Nebraska, Kansas, Oklahoma, and Texas (U.S. Forest Service. 1935; Droze 1977) see (Fig. 
2.1). These historical plantings served a very specific purpose to help stabilize soil, conserve 
moisture, and protect crops, livestock, and homesteads during the unprecedented Dust Bowl 
conditions of the 1930’s. Tree-based ecosystem benefits continue to be broadly recognized 
by NGP landowners as important to their farming systems (Hand et al. 2017). One critical 
ecosystem benefit relative to woody biomass-based agroforestry systems is C storage and 
sequestration; C management has both distinct ecosystem service market potential (Miller et 
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al. 2012) and ties into state and Federal energy goals regarding incremental reductions in 
greenhouse gas emissions (Cuellar and Herzog 2015). 
Agroforestry systems have long been assessed for their capacity to sequester C in 
their biomass and for their ability to provide cellulosic bioenergy feedstock (Schroeder 1994; 
Rosenberg and Smith 2009; Schoeneberger 2009). Agroforestry offers great potential to 
improve soil quality of degraded or marginal lands by reducing soil disturbance and 
providing perennial ground cover (Schoenholtz et al. 2000; Boussougou et al. 2010). The 
potential to increase and recycle soil organic matter content (SOM) is a critical soil quality 
feature associated with enhanced nutrients uptake and cycling, optimal soil structure, and 
improved water infiltration and soil water storage and holding capacity (Hudson 1994; Teepe 
et al. 2003). Sauer et al. (2012) found agricultural land planted to trees had 30.0 5.1% 
(meanstandard error) more soil organic carbon (SOC) than the adjacent tilled cropland in 
Iowa.  In another Midwestern U.S. study, an estimated SOC accumulation rate of 0.11 Mg C 
ha-1 yr-1 was found for the surface 15 cm beneath a 35 yr-old eastern red cedar- Scotch pine 
windbreak in eastern Nebraska (Sauer et al. 2007). Hernandez-Ramirez et al. (2011) used 
stable carbon isotope techniques on soil samples from the Nebraska site and one site of the 
Iowa study and found 53.9 and 47.1% of the SOC in the surface layers was tree-derived with 
mean residence times of ~ 50 yrs. These studies concluded that the observed increase in SOC 
beneath the planted trees was largely associated with C from the trees. 
Knowledge on the variability of soil C under different land-use conditions is 
important for understanding the impact that agroforestry based biomass systems may have in 
enhancing myriad of ecosystem benefits (Jose and Bardhan 2012; Lorenz and Lal 2014; 
Udawatta et al. 2015; Dhillon and Van Rees 2017). Nevertheless, quantitative information 
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about belowground C inputs in agroforestry systems continues to be limited (Lorenz and Lal 
2014; Cardinael et al. 2015) especially in temperate regions (Nair et al. 2010). Moreover, 
most SOC storage studies of agroforestry systems have been limited to the surface 30 cm soil 
depth (Nair 2012). In order to determine the full capacity of practices such as windbreaks to 
sequester C, it is important to study SOC deeper in the soil profile (Nair 2012).  
Given the paucity of such data especially under agroforestry systems, for this study 
we explore the impact that the historical tree plantings in the NGP region have had on SOC 
storage at depth and their potential to improve overall soil quality on soils in low rainfall 
areas like the NGP. The objective of this study was to quantify the changes in SOC stocks to 
a depth of 1.25 m at eight representative historical tree plantings with adjacent farmed fields 
which included cultivated fields, alfalfa, grasslands, hay and pasture under different soil and 
climate conditions in the U.S. NGP. We also assessed soil samples to quantify the changes in 
other soil properties (e.g., bulk density, aggregate stability, pH (water and KCl) beneath tree 
plantings and relative to the adjacent farmed fields.  
Materials and Methods  
Study area and Data Site description 
We chose to explore soil C changes at sites within the original Prairie States Forestry 
Project (PSFP) windbreak planting zones. Site selection was intended to obtain representative 
soils, tree plantings, and cropping practices throughout the area. As such, we identified eight, 
tree windbreak sites for soil sampling. Two sites were selected in each state, North Dakota, 
South Dakota, Nebraska, and Kansas (ND, SD, NE, and KS). These sites provided a range of 
climate, soil type, tree species, tree age, and cropping practices in the adjacent fields. Soil 
samples were collected (see Fig. 2.1), and soil profile descriptions were prepared for tree 
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plantings and agricultural fields at each site (see Appendix. Table S2). The detailed climatic 
and edaphic characteristics of the study sites are presented in Table 2.1.  
In general, at the McLeod site (ND), the adjacent field cultivated began in ~1880 and 
converted to pasture after 1935. Moreover, at the Milnor site (ND), the adjacent small grain 
field cultivation began in the 1880’s and continued until ~1995 when it was cultivated to a 
corn and soybean rotation. At the Mead site (NE), the adjacent field had been under a crop 
rotation of corn-soybean-wheat for over 100 years. The farmed field at Stromsburg site (NE) 
was first cultivated back in the 1890’s and had mostly been in a wheat-soybean-corn rotation. 
Before sampling collection, the field was planted to alfalfa for almost 10 yrs.  
The Marquette (KS) site the field was under cropping management before being 
simultaneously planted to trees and grassland during the same year. Similarly, the Corsica 
East (SD) site was a single field before being simultaneously planted to honey locust trees or 
hay production during the same year. At the McPherson site (KS), trees were planted into 
native prairie, thus the soil has never been cultivated. The adjacent row crop field has been 
converted to no till management three years before sampling.  
Soil Sampling 
At each site, a soil pit to a depth of ~1.25 m was dug by hand or with a backhoe 
inside the tree planting and in the adjacent farmed area, which included cultivated fields, 
alfalfa, grasslands, hay and pasture, hereafter, we refer to the adjacent farmed area as 
“farmed fields”. To enhance our sampling, we also took samples from two hand auger holes 
adjacent to each pit at each location. Soil samples were collected after removing the surface 
litter or crop residue at 0-10, 10-20, 20-30, 30-50, 50-75, 75-100, and 100-125 cm depth 
increments within the trees and in the neighboring farmed fields within the same soil map 
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unit for each soil pits and auger holes. Soil pit samples were collected from three walls of the 
soil pit and composited by depth. In addition, soil profile descriptions were prepared by local 
Natural Resources Conservation Service soil scientists for trees and neighboring farmed 
fields pits at each site (see Appendix. Table S2). 
Soil preparation and laboratory analyses 
Soil analyses and calculations 
Bulk density was measured following the core method (Soil Survey Laboratory Staff, 
1996), core volume 256.35 cm3 (8 cm in diameter and 5.1 cm height), using undisturbed soil 
samples taken at 10, 30, 75, and 100 cm from each of the three pit walls. Cores were 
weighed, dried at 105°C for 48 hr and weighed again to determine the oven dry mass.  
The field-moist soil samples were passed through an 8-mm sieve, all visible plant 
material removed, and a ~200 g subsample passed through a 2-mm sieve. All soil samples 
were then air-dried. A ~ 20 g sample of the air dry < 2-mm-diameter soil was placed on a 
roller mill (Bailey Mfg., Inc.3, Norwalk, IA) for 12 hr to create fine powder for total carbon 
(TC) and total nitrogen (TN) analyses. TC and TN were measured for all soil samples using 
dry combustion (Flash 1112, Thermo Finnigan, San Jose, CA). An effervescence test was 
used to determine if any inorganic C was present and, when carbonates were found, soil 
inorganic C content (SIC) analysis was completed using the pressure calcimeter method as 
described by Sherrod et al. (2002). To determine SOC values, SIC values were subtracted 
from the TC values. 
                                                 
3 Trade names or the commercial products in this article are solely for the purpose of providing specific 
information and does not imply recommendation or endorsement by authors or their institutions.  
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The SOC stocks (kg m–2) were calculated for each soil sample and separate depth 
increment (Eq.1) and then added to obtain cumulative SOC stocks for the 0-30, 30-125, and 
0-125 cm soil depths, hereafter we refer to it as “surface soil”, “subsurface soil” and “entire 
soil profile”, respectively. The change in SOC in soils beneath the trees was estimated by 
subtracting the SOC stocks of the adjacent farmed fields from the SOC stocks of the trees. 
This estimation was based on the assumption that the SOC under the trees was the same as in 
the adjacent farmed fields when the trees were planted.  
SOC stocks = SOC concentration × BD × Soil layer thickness   [1] 
Where,  
SOC stocks           = C stocks expressed in kg m–2  
SOC concentration  = C in each soil layer, g per kg of soil of that depth 
BD    = Bulk density, g cm–3  
Samples of the air dry 2mm – sieved soil were used to determine pH in water (1:1 
paste, Thomas 1996), pH in potassium chloride (0.01M KCl) (Moore and Loeppert 1987), 
and particle size analysis (PSA) (pipet method, Gee and Or 2002). Soil aggregates stability 
was determined by wet sieving to obtain the distribution of water stable macroaggregates 
(WSA) using samples of air dry 8mm-sieved soil as outlined by Márquez et al. (2004). 
Briefly, to fractionate aggregates, a 100 g of 8mm air-dried soil was cyclically submerged in 
water for 5 min using a series of 5 sieves (4, 2, 1, 0.5, and 0.25mm). The WSA retained on 
each sieve were oven dried at 70°C, weighed and later used to calculate the amount of WSA 
for each size fraction > 0.25mm. 
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Statistical analysis  
A two-sample t-test at P values = 0.05, 0.01, and 0.001 was used at each site to 
examine the effects of land-use (trees vs adjacent farmed fields) on SOC concentration and 
stocks, and other soil parameters (e.g. SIC, C:N ratio, and pH). Then we examined the 
differences of soil parameters in the profile as follows; we tested the differences in the 
surface (0-30cm), subsurface (30-125 cm), and in the total soil profile (0-125cm). All 
statistical analyses were performed using R software version 3.4.2 (R Development Core 
Team, 2013).  
Results and Discussion 
Carbon and nitrogen with depth 
Differences were observed between the soil under trees and soil from the adjacent 
farmed fields for all parameters over all depth increments but were not always consistent. 
The greatest absolute differences were in the 0-75 cm soil layers at all sites, below 75 cm less 
differences were observed (Table 2.2). In the surface 30 cm, SOC concentration was 24.48± 
12.31% (mean±standard error) greater under trees than the adjacent farmed fields, however, 
the majority of this C was mainly located in the surface 0-10 cm layer of soil and was 30.32± 
17.48% (mean±standard error) greater under trees than the adjacent farmed fields.  
SOC concentration was always higher at the surface and declined with depth (see; 
Appendix, Table S1). The differences in SOC concentration [between trees and adjacent 
farmed fields] ranged from +15.99 to –4.31 and +5.11 to –4.96 g kg–1 for surface and 
subsurface soils, respectively. Some of the variation in SOC can be attributed to including 
but not limited to; site history and management, tree age and species.  
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Soil beneath trees had on average 1.95 ±1.28 g kg–1 (mean±standard error) higher 
SOC concentration than the adjacent farmed fields in the entire soil profile. However, soil 
beneath the adjacent farmed field (hay, continuous for15 years) at the Corsica East site had 
significantly higher SOC concentration (p<0.05) than beneath a 15 yr-old honey locust tree 
planting (Table 2.2, Fig. 2.2). In addition, at the Marquette site, the differences in SOC 
between the 29-year-old black locust trees and the reconstructed grasslands of the same age 
were very similar in absolute terms and not significantly different. Young trees do not have 
significant biomass in their early years to restore or increase SOC (Sauer et al. 2007). 
Moreover, at the Corsica East site, it is possible that soil disturbance during tree planting is 
responsible for some reduction in SOC, as has been noted in other similar situations (Paul et 
al. 2002; Sauer et al. 2007). Relatively low rainfall at Corsica may also result in slower tree 
growth that produced fewer roots and less litterfall for decomposition into SOC. Moreover, 
In a global review of root distribution, Jackson et al. (1996) reported that 83% of temperate 
grasslands roots occur in the top 30 cm, thus may be contributed to the significantly higher 
SOC in soils of the adjacent farmed fields.  
The surface soil beneath the green ash windbreak in Mead had 19.5% greater SOC 
concentration when compared to the adjacent row crop field (21.85 vs.18.27 %, p 0.03), by 
contrast, the Mead site showed significantly lower SOC concentration beneath the trees in the 
subsurface soil (Fig. 2.2). Sampling site selection is a possible explanation for this variation 
in soil C. Although a similar sampling approach was followed at all locations, at the Mead 
site, the soil profile description of the tree and crop pits showed that the soils were two 
different series even though the crop pit was only 20 m from the tree windbreak. Thus, 
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spatial variation in soil properties may have contributed to anomalous results at this location 
unrelated to land use.  
The SOC was greater under trees when expressed on an areal mass (kg m–2) than for 
the adjacent farmed fields. However, the differences in SOC stocks in the entire soil profile 
(19%) were less pronounced compared to those of SOC concentration (22%). This can be 
attributed to the lower bulk densities under the trees as compared to the adjacent farmed 
fields (Fig. 2.3), which demonstrates the importance of bulk density measurements in SOC 
stocks calculation (Sauer et al. 2007; Dhillon and Van Rees 2017). Soils beneath trees had on 
average 0.67 ± 0.51 kg m–2, 0.25 ± 0.17 kg m–2, and 0.32 ± 0.21 kg m–2 (mean±standard 
error) greater SOC for the 0-10, 10-20, and 20-30 cm layers, respectively, as compared to the 
adjacent farmed fields. Overall, the subsurface soil under trees had greater SOC content than 
the surface soil at nearly all sites (1.69 vs. 1.24 kg C m–2), respectively.  
The surface soil beneath trees and the adjacent farmed fields contained only 8.84± 
1.10 kg C m–2 or [48%] and 7.61±0.80 kg C m–2 or [49%] of the total C stocks stored in the 
entire soil profile, respectively. Whereas, the subsurface soil beneath trees and the adjacent 
farmed fields contained 9.54± 1.45 kg C m–2 or [52%] and 7.85±1.05 kg C m–2 or [51%] of 
the total C stocks stored in the entire soil profile, respectively. This finding is perhaps not 
surprising, giving several recent studies suggesting that deep SOC is a significant contributor 
to the C pool (Harper and Tibbett 2013; Cardinael et al. 2015). For instance, results from 
Harper and Tibbett (2013) examining pine reforestation in crop fields, showed that total SOC 
was 2-4 times greater when sampling to 5 m compared to sampling to 0.3 m. Similarly, 
Cardinael et al. (2015), examining alley cropping systems, indicated that SOC stocks in the 
surface 30 cm soil layer beneath trees contained only 16% of the total SOC stocks stored to 2 
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m soil depths, demonstrating the importance of subsurface soil layers for contributing to 
accurate C stock inventories (Harper and Tibbett 2013). This increase in SOC stocks under 
trees at deeper depths might be attributed to bulk density variation and to the decomposition 
of trees fine roots. Trees have extensive fine root system that can penetrate deep into the 
mineral soil (Lorenz and Lal 2014). The annual root-derived C inputs are a critical source of 
stable SOC in these deeper soil layers and may equal or exceed the aboveground C inputs 
from leaves and litterfall (Jackson et al. 1997). Therefore, the subsurface soil layers play a 
prominent role in increasing SOC stocks and their residence time thus, quantification of SOC 
at deeper depths must be taken into account to determine the full potential of tree windbreaks 
for C sequestration, and is necessary when C estimates of terrestrial ecosystems is being 
discussed (Harper and Tibbett 2013).  
Over the entire 1.25 m soil profile, soils beneath trees across all sites, averaged 2.93 ± 
2.07 kg m–2 (mean±standard error) greater SOC stocks than adjacent farmed fields. The 
differences [between tree and farmed fields] in SOC stocks to 1.25 m ranged from +10.54 kg 
m–2 for a 50+ year-old elm windbreak in Milnor to –5.05 kg m–2 for a ~ 40 yr-old green ash 
planting in Mead. Some sites offer special perspectives on tree planting effects perhaps due 
largely to land management history. For example, the McPherson site is unique as the trees 
were planted into virgin prairie, thus the soil has never been cultivated. Data from this site 
showed that soils beneath the ~90 yr-old Osage orange trees had higher SOC in all depth 
increments as compared to the adjacent farmed field (row crop field). At the McPherson site, 
the SOC concentration was 90% greater under the trees than in the adjacent row crop field 
(22.97% vs. 12.03%, p 0.013) in the surface soil. The dramatic significant difference in SOC 
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may be attributed to the loss of soil organic matter during over a century of small grain and 
row crop production (Table 2.2, Fig. 2.2, 2.3).  
At the Corsica West site, SOC beneath a 25 yr-old green ash tree was significantly 
lower than the adjacent farmed field (pasture) in the surface soil, but higher in the subsurface 
soil. At this site, site management such as cultivation between tree rows for weed control 
during the first several years after tree planting may have resulted in redistribution of organic 
matter rich top soil (i.e. mounding in tree rows), which complicated the soil sampling 
procedure and may have contributed to the highly significant difference in SOC between the 
trees and the adjacent pasture. However, removing Corsica West and Mead sites from the 
data due to their possible anomalous features would result in the SOC stocks for the entire 
soil profile beneath trees to increase to 22% (2.94 vs. 3.59 kg m–2) as compared to the 
adjacent farmed fields. 
Soil inorganic carbon (SIC) was only found at the Corsica East and West, 
McPherson, and Milnor sites and only at deeper depths except at Corsica East where the 
depth of carbonates was at 20-30 cm under the trees and in the farmed field. No significant 
differences were found at the mentioned sites with the exception of the Corsica west site 
where the adjacent farmed field subsurface soil had significantly higher SIC than under the 
trees.  
The total nitrogen (TN) trend followed very closely with those for SOC concentration 
and mass with again a smaller difference when expressed on a mass per area basis due to 
bulk density variations (Fig. 2.4). The average differences in profile TN stocks between trees 
and farmed fields soils ranged from +0.16 kg m–2 to –0.10 kg m–2. 
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The C to N ratios (C:N ratios; calculated as %SOC/%TN) under trees were greater 
than the adjacent farmed fields except at the Corsica East, Marquette, and McPherson sites 
where farmed fields had higher C:N ratios. The differences in TN and C:N ratio were both 
higher in the surface soil and decreased with depth.  
In all, soil under trees had greater C and N content as compared to the adjacent 
farmed fields indicating the potential of these tree plantings to add significant amount of C to 
the soils and at deeper depths. Similar trends of greater SOC under tree plantings were also 
observed in other studies examining the effect of trees integration into agricultural land use 
on SOC (Sauer et al. 2007; Hernandez-Ramirez et al. 2011) and at deeper depths (Cardinael 
et al. 2015).   
Greater C and N content under trees as compared to the adjacent fields can be 
attributed primarily to; higher C inputs from aboveground tree litter and belowground 
extensive fine root system (Dhillon and Van Rees 2017), which can penetrate deep into the 
mineral soil (Lorenz and Lal 2014). Trees extensive deep rooting system is considered a 
critical source of more stable root derived C in subsurface soil layers due to their higher 
chemical recalcitrance and the physical protection of root hairs within soil aggregates than 
the shoot derived C (Rasse et al. 2005; Lorenz and Lal 2014; Dhillon and Van Rees 2017).  
Other studies attributed the increase in SOC under trees to their microclimate effect. 
For example, Hernandez-Ramirez et al.(2011) speculated the higher SOC under conifers 
species was due to their potential to alter soil environments. The presence of tree ground 
cover, the quantity of litters produced, and the higher water uptake create colder and drier 
soil environment. The cool and dry soil conditions would reduce OM decomposition rates, 
therefore increasing the SOC accumulation in soils beneath the tree.  
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It has been also suggested by other studies that soil texture and mineralogy (Richter et 
al. 1999; Leggett and Kelting 2006), as well as other soil factors (e.g. temperature, moisture, 
and C:N ratio) may be contributing to the variation in SOC accrual (Melillo et al. 1989; 
Richter et al. 1999; Sauer et al. 2007; Kiser et al. 2009; Hernandez-Ramirez et al. 2011).  
Windbreaks were designed to reduce wind speed and control wind erosion, which 
leads to less surface SOC losses. Moreover, Sauer et al. (2007) reported a marked increase in 
silt and clay content on the leeward side of the tree windbreak, which they attributed to the 
deposition of windblown sediments on the leeward side of the windbreak, therefore 
contributed to greater SOC under the trees, however, they concluded that their interpretation 
while consistent, requires further testing to verify. 
In addition, the presence of trees permanent ground cover intercepts raindrops thereby 
reducing surface SOC loss by physical soil detachment and water erosion (Sauer et al. 2007). 
Other previous studies also support the hypothesis that the availability of nutrients 
particularly nitrogen (N),phosphorus (P), and sulfur (S) may limit the SOC sequestration in 
terrestrial ecosystems (Himes 1998; Lal 2008; Kirkby et al. 2016; Shi et al. 2016). Lower 
SOC content in the adjacent row crop fields at Milnor, Mead, and McPherson sites may be 
due to lower C inputs to the soil (e.g. removal of crop biomass), cultivation and tillage. 
Tillage increases soil aggregates breakdown and disruption leading to SOM decomposition 
thus SOC loss (West and Post 2002). 
Other soil properties  
Soil physical and chemical properties were analyzed to provide a more complete 
interpretation of tree plantation effects on SOC storage and likely to elucidate which of above 
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processes may have affected the observed pattern of SOC. The general soil properties for 
soils beneath trees and the adjacent farmed fields are presented in Table 2.3. 
Bulk density 
Bulk density was consistently lower beneath the trees and in the surface layers. 
Across all sites, soil bulk density of trees was lower by 6.9 % in the surface 10 cm (1.32 vs. 
1.42 g cm–3) as compared to the adjacent farmed fields (Table 2.3, Fig. 2.5). The lower bulk 
density is expected and was also observed in other studies (Sauer et al. 2007; Hernandez-
Ramirez et al. 2011; Cardinael et al. 2015; Dhillon and Van Rees 2017) which can be 
attributed to the lack of soil compaction due to heavy farm machinery and the presence of 
grazing animals, higher organic matter resulted from the higher tree above- and below-
ground biomass, and soil invertebrates which help in natural ameliorization processes (Sauer 
et al. 2007; Dhillon and Van Rees 2017). 
Water and KCl pH 
Average pH values varied by sites and depths. Soil pH under trees and the adjacent 
farmed fields was lower at the surface and increased with soil depth (Fig. 2.5 and 2.6). The 
maximum and minimum pH in water values were 8.35 and 8.41 in the 100-125 cm layers 
beneath honey locust tree and the adjacent farmed fields at Corsica East, respectively, and 
4.80 and 5.26 in the 20-30, 10-20 cm layers, respectively, beneath red cedar tree and the 
adjacent farmed fields at Stromsburg, respectively. Although eastern red cedar has been 
found to raise soil pH (Sauer et al. 2007), but, in this study, the lowest (most acidic) pH 
values were found under the red cedar tree at the Stromsburg site and were 5.5, 5.03, and 4.8 
in the surface 0-10, 10-20, 20-30 cm layers of soil. Lower pH were found under tree soils 
(Table 2.3, Fig. 2.5, 2.6). However, higher pH values were observed at the Milnor, Corsica 
East, Marquette, and McPherson sites with the tree soil pH was 0.7, 0.49, 0.83, and 1.95 units 
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greater than the adjacent farmed fields at the 0-10 cm layer of soil, respectively, and was only 
significant at McPherson (Table 2.3). However, both Corsica West and Stromsburg tree soils 
had significantly lower pH than the adjacent farmed fields (Fig.2.5, 2.6).  
In all of the study soils and land-uses, values of pH in 0.01M KCl pH were always 
lower than those in water (see; Appendix, Fig. S1). This is in general agreement with 
previous studies reported a lower pH values in 1M KCl than in water (Moore and Loeppert 
1987; Thomas 1996). 
Aggregate stability 
The amount of water stable macroaggregates (soil aggregates > 250 µm diameter) 
was higher for the surface 0-10 cm under trees (17.40, 44.88, and 61.82%) than the adjacent 
farmed fields [row crop fields] (12.94, 19.16, and 31.56%) at Mead, McPherson, and Milnor, 
respectively (Table 2.3, Fig. 2.8). Tillage and cultivation of the row crop fields breakdown 
soil macroaggregates and inhibits their formation (Márquez et al. 2004). In contrast, the 
surface 0-10 cm soil layer beneath the adjacent pasture, hay, and grassland at the McLeod, 
Corsica East, Corsica West and Marquette sites had higher WSA (14.46, 48.03, 57.38, and 
57.15%) than the tree soils (10.45, 36.09, 40.61, and 42.97%), respectively. This finding is in 
general agreement with other studies that reported greater WSA under grasslands than forest 
and annual cropping systems (Scott 1998; Márquez et al. 2004).  
Greater WSA under grasslands as compared to trees could be due to the different 
mechanisms (e.g. root systems) that affects aggregate formation and stability under each 
ecosystem (Scott 1998). SOM promotes the formation and stabilization of macroaggregates, 
thus, the higher WSA beneath trees and grasslands as compared to the row cropped fields can 
be explained primarily due to higher abundance and decomposition of roots and higher leaf 
litterfall at the surface layer.  
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Conclusion  
Tree plantings resulted in marked decrease in bulk density and increase in the amount 
of water stable macroaggregates with no adverse effect on soil pH and soil nutrient content. 
The results of this study suggest that tree windbreaks will likely improve soil quality and has 
potential to enhance related ecosystem services associated with C storage.  
The higher SOC stocks after trees integration as compared to the adjacent farmed 
fields is consistent with other studies in the US (Sauer et al. 2007, 2012; Hernandez-Ramirez 
et al. 2011), Canada (Baah-Acheamfour et al. 2015), Europe (Cardinael et al. 2017), and 
elsewhere (Takimoto et al. 2009). However, few previous studies have focused on the 
subsurface SOC (Haile et al. 2008; Cardinael et al. 2015, 2017), and only examined one type 
of agroforestry (e.g. Haile et al. 2010; Cardinael et al. 2015).  
Soils beneath trees averaged 2.93± 2.07 kg m–2 (mean±standard error) greater SOC 
stocks measured to 1.25 m than the adjacent farmed fields. This finding shows the potential 
of trees to increase SOC storage. The subsurface soil beneath trees and the adjacent farmed 
fields stored more SOC stocks than the surface soil (9.54 vs. 8.84 kg m–2), (7.85 vs. 7.61 kg 
m–2), respectively. This finding demonstrates the importance of studying the C stored at 
deeper depths under tree-based systems when the full capacity of trees SOC sequestration is 
being assessed.  
Ideally, to determine the complete potential for C sequestration under trees, 
aboveground C should also be taken in consideration. Perhaps, allometric equations should 
be developed for trees grown outside of forest to reduce the uncertainty of tree biomass 
estimates. The C quantity assessments need to be supplemented with information about the 
quality and the turnover of the stored SOC. Perhaps, the examination of SOM fractions 
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combined with stable isotope analysis for C source assessment, would provide further 
insights into SOC dynamics under such practices.  
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Table 2.1 Summary of field locations. Precipitation and temperature data are 30-yr normals from the nearest weather station (National 
Oceanic and Atmospheric Administration 2002) 
Site  MAP 
(mm) 
MAT 
(°C) 
Tree Species 
&age (years) 
Crop 
(years) 
Soil (USDA 
Classification) 
Number 
of rows 
Other species Orientation 
McLeod, 
ND 
22.43 43.2 
Ponderosa pine  
(80) 
Pinus 
ponderosa 
Pasture          
(80) 
Hecla loamy fine sand 
(Sandy, mixed, frigid 
Oxyaquic Hapludolls) 
 
2 
 
Caragana and ash  
 
West- East 
         
Milnor, ND 23.31 43.2 
Elm (50+) 
Ulmus pumila 
Row crop      
(135) 
Forman clay loam 
(Fine-loamy, mixed, 
superactive, frigid 
Calcic Argiudolls) 
 
12 
Ash, caragana, 
cedar, and 
cottonwood 
West-East 
         
Corsica 
East, SD 
24.94 49 
Honey locust 
(15) 
Gleditsia 
triacanthos 
Hay               
(15) 
Eakin silt loam (Fine-
silty, mixed, 
superactive, mesic 
Typic Argiustolls) 
 
9 
Cottonwood, sugar 
maple, black 
walnut, plum, red 
cedar,  
West-East 
         
Corsica 
West, SD 
24.94 49 
Green ash (25) 
Fraxinus 
pennsylvanica 
Pasture        
(125) 
Eakin silt loam (Fine-
silty, mixed, 
superactive, mesic 
Typic Argiustolls) 
 
2 
Plum, hackberry, 
apricot scotch pine, 
Russian olive, red 
cedar 
West-East 
         
Mead, NE 29.39 49.9 
Green ash ~ 
(40) 
Fraxinus 
pennsylvanica 
Row crop     
(125) 
Tomek silt loam (Fine, 
smectitic, mesic Pachic 
Argiudolls) 
 
2 
Red cedar, 
honeysuckle, and 
Australian pine 
North-South 
         
Stromsburg, 
NE 
30.23 50.4 
Red cedar (21) 
Juniperus 
virginiana 
Alfalfa          
(10) 
Hastings silt loam 
(Fine, smectitic, mesic 
Udic Argiustolls) 
 
2 
Red mulberry East-West 
         
Marquette, 
KS 
32.97 55.1 
Black locust 
(29) 
Robinia 
pseudoacacia 
Grassland    
(29) 
Irwin loam (Fine, 
mixed, superactive, 
mesic Pachic 
Argiustolls) 
2 Red cedar North-South 
         
McPherson, 
KS 
32.97 55.1 
Osage orange 
(90+) 
Maclura 
pomifera 
Row crop      
(115) 
Irwin silty clay loam 
(Fine, mixed, 
superactive, mesic 
Pachic Argiustolls) 
1 Hackberry North-South 
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Table 2.2 Weighted mean of soil C and N for the surface (0-30 cm), subsurface (30-125 cm), and the entire soil profile (0-125 cm) beneath the trees and 
the adjacent farmed fields in the U.S. Great Plains. 
 Depth 
(cm) 
  
McLeod 
  
Milnor 
  
Corsica E 
  
Corsica W 
   Ponderosa 
pine 
Pasture  Elm  Row  
crop  
 Honey 
locust 
Hay  Green  
ash  
Pasture 
              
SOC  0-30  16.02 11.87  41.83 25.84  15.06** 19.37**  28.89 27.27 
(g kg–1) 30-125  4.30 4.07  7.15 3.85  5.07 6.33  12.02** 6.18** 
 0-125  7.12 5.94  15.48 9.13  7.47* 9.46*  16.07** 11.24** 
              
TN  0-30  1.20 1.10  3.58 2.36  1.37* 1.69*  2.64 2.58 
(g kg–1) 30-125  0.41 0.41  0.73 0.53  0.49 0.54  1.09** 0.65** 
 0-125  0.60 0.58  1.41 0.97  0.70* 0.82*  1.47* 1.11* 
              
SOC  0-30  6.61 4.92  15.51 10.64  6.12** 8.12**  9.96 10.64 
(kg m–2)  30-125  5.92 5.46  9.74 5.21  6.85 8.80  16.66** 8.60** 
 0-125  12.53 10.38  25.25 15.85  12.97** 16.92**  26.20* 19.25* 
              
TN 0-30  0.50 0.46  1.33 0.97  0.56 0.71  0.91 1.01 
(kg m–2) 30-125  0.56 0.55  1.00 0.72  0.67 0.76  1.51 0.91 
 0-125  1.06 1.01  2.32 1.69  1.22 1.46  2.42 1.92 
              
C:N  0-30  12.98* 10.86*  11.74* 10.95*  11.08 11.37  10.94 10.68 
 30-125  10.52 9.89  8.26 6.83  10.27 12.26  11.22 9.21 
 0-125  11.11 10.12  9.10 7.82  10.46 12.05  11.16 9.57 
              
Means for samples from trees and the adjacent fields within each depth at each site followed by *, **, or *** indicate significant differences at or < p 
0.05, 0.01, 0.001 probability level respectively as determined by the two Sample t test.  
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Table2.2 Continued weighted mean of soil C and N for the surface (0-30 cm), subsurface (30-125 cm), and the entire soil profile (0-125 cm) beneath the trees 
and the adjacent farmed fields in the U.S. Great Plains. 
 Depth 
(cm) 
  
Mead 
  
Stromsburg 
  
Marquette 
  
McPherson 
   Green 
ash 
Row 
crop 
 Red  
cedar  
Alfalfa   Black  
locust 
Grassland  Osage  
orange  
Row  
crop 
              
SOC  0-30  21.85* 18.27*  21.36 18.43  12.37 11.81  22.98* 12.03* 
(g kg–1) 30-125  6.03*** 10.99***  7.87 6.66  3.00 3.20  9.77** 4.66** 
 0-125  9.83** 12.74**  11.10 9.49  5.25 5.27  12.94** 6.43** 
              
TN  0-30  1.89* 1.73*  1.91 1.82  0.69 0.43  1.81* 0.90* 
(g kg–1) 30-125  0.78** 1.12**  0.91 0.80  0.23 0.23  0.82* 0.42* 
 0-125  1.05** 1.27**  1.15 1.04  0.34 0.28  1.06* 0.54* 
              
SOC  0-30  9.30* 7.98*  8.44 7.71  5.73 5.37  9.08* 5.47* 
(kg m–2)  30-125  7.65*** 14.02***  10.82 8.66  4.76 5.08  13.87** 6.93** 
 0-125  16.95** 22.00**  19.27 16.37  10.50 10.45  22.95** 12.41** 
              
TN 0-30  0.80* 0.76*  0.76 0.76  0.32 0.20  0.72* 0.41* 
(kg m–2) 30-125  0.98** 1.43**  1.25 0.82  0.37 0.36  1.18* 0.50* 
 0-125  1.79** 2.18**  2.01 1.58  0.69 0.56  1.86* 0.91* 
              
C:N 0-30  11.47 10.56  11.11* 10.12*  51.45¥ 60.83¥  13.00 13.58 
 30-125  7.17*** 9.71***  7.92 7.70  18.95¥ 19.13¥  11.54 11.54 
 0-125  8.20 9.91  8.68 8.28  26.75¥ 29.14¥  11.89 12.03 
              
Means for samples from trees and the adjacent fields within each depth at each site followed by *, **, or *** indicate significant differences at or < p 0.05, 
0.01, 0.001 probability level respectively as determined by the two Sample t test.  
¥ C:N ratio value is high at this site as total nitrogen was undetectable and very small in some samples. 
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Table 2.3. Weighted mean values of soil properties for the surface and subsurface soil, and the entire soil profile (0-125 cm) 
under the trees and adjacent farmed fields. Sand, silt, and clay content are average of 0-30 and 30-125 cm soil depth 
 Depth 
(cm) 
 McLeod   Milnor   Corsica E  Corsica W 
   Ponderosa  
pine  
Pasture  Elm  Row  
crop 
 Honey 
locust 
Hay  Green 
ash  
Pasture 
              
Sand 0-30  91.03 87.49  33.29 34.91  15.87 12.56  13.13 20.36 
(%) 30-125  89.99 86.34  41.23 42.90  45.15 18.31  10.07 22.08 
              
Silt 0-30  8.37 8.73  37.21 32.70  49.64 56.27  63.07 50.15 
(%)  30-125  5.27 10.11  36.31 29.74  34.54 52.10  56.55 52.39 
              
Clay   0-30  0.61 3.78  29.49 32.39  34.49 31.17  23.8 29.49 
(%) 30-125  4.74 3.55  22.46 27.36  20.31 29.59  33.38 25.54 
              
H2O pH  0-30  6.39 6.60  7.29 6.80  7.25 7.03  6.28* 6.91* 
 30-125  7.86** 6.99**  7.66 8.06  8.22 8.23  7.39** 8.10** 
 0-125  7.51* 6.90*  7.57 7.75  7.99 7.94  7.12** 7.81** 
              
KCl pH  0-30  5.70 5.89  6.44 6.01  6.27 6.16  5.38* 6.14* 
 30-125  7.05** 6.06**  6.99 7.12  7.32 7.47  6.23*** 7.31*** 
 0-125  6.73* 6.02*  6.86 6.85  6.07 7.15  6.03** 7.03** 
              
Bulk  10  1.37 1.39  1.16 1.36  1.35 1.43  1.12 1.29 
Density 30  1.41 1.35  1.45 1.40  1.37 1.32  1.22 1.34 
 75  1.43 1.39  1.41 1.36  1.41 1.46  1.56 1.58 
 100  1.50 1.51  1.46 1.56  1.40 1.50  1.55 1.50 
              
WSA % 0-10  10.45 14.46  61.82 31.56  36.09 48.03  40.61 57.38 
 10-20  5.04 6.02  53.88 34.96  40.29 49.51  35.71 48.35 
 20-30  4.05 3.28  47.79 45.47  39.47 41.24  32.55 41.36 
Means for samples from trees and the adjacent fields within each depth at each site followed by *, **, or *** indicate significant 
differences at or < p 0.05, 0.01, 0.001 respectively as determined by the two Sample t test.  
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Table 2.3. Continued weighted mean values of soil properties for the surface and subsurface soil, and the entire soil 
profile (0-125 cm) under the trees and the adjacent farmed fields. Sand, silt, and clay content are average of 0-30 
and 30-125 cm soil depth 
 Depth 
(cm) 
 Mead  Stromsburg  Marquette  McPherson 
   Green 
ash  
Row 
crop 
 Red 
cedar 
Alfalfa  Black 
locust 
Grass
land 
 Osage  
orange 
Row 
crop 
              
Sand 0-30  7.5 4.01  10.73 10.27  30.46 35.31  6.94 6.00 
(%) 30-125  6.53 4.71  12.18 9.60  55.24 45.43  5.03 5.40 
              
Silt 0-30  61.20 64.68  67.29 63.50  46.90 32.89  58.95 55.31 
(%)  30-125  56.65 63.45  54.63 55.96  19.95 27.15  51.23 52.35 
              
Clay   0-30  31.31 31.31  21.98 26.23  22.63 31.85  34.11 38.69 
(%) 30-125  36.82 31.84  33.19 34.45  24.81 27.46  43.75 42.26 
              
pH  0-30  6.34 6.53  5.11* 5.42*  6.04 5.83  7.47** 5.58** 
(water) 30-125  6.87 6.70  5.84 6.39  6.38 6.46  6.88* 7.66* 
 0-125  6.74 6.66  5.67 5.16  6.30 6.31  7.02 7.16 
              
pH  0-30  5.48 5.44  4.13 4.48  5.07* 4.77*  6.60** 4.59** 
(KCl) 30-125  5.99* 5.28*  4.69 5.04  5.05 5.16  5.94 6.58 
 0-125  5.87* 5.32*  4.55* 4.91*  5.06 5.06  6.10 6.10 
              
Bulk  10  1.45 1.47  1.30 1.45  1.54 1.51  1.30 1.44 
Density 30  1.34 1.42  1.37 1.26  1.55 1.54  1.36 1.51 
 75  1.37 1.30  1.51 1.41  1.79 1.78  1.50 1.55 
 100  1.24 1.33  1.49 1.52  1.71 1.70  1.71 1.58 
              
WSA % 0-10  17.40 12.94  20.75 12.76  42.98 57.25  44.87 19.16 
 10-20  12.13 13.07  17.06 12.83  27.97 52.44  33.22 38.54 
 20-30  20.51 10.93  15.91 10.45  28.02 37.76  34.32 51.83 
Means for samples from trees and the adjacent fields within each depth at each site followed by *, **, or *** 
indicate significant differences at or < p 0.05, 0.01, 0.001 respectively as determined by the two Sample t test.  
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Figure 2.1.  Location of the four Northern Great Plains states involved in the study. Red stars 
denote study soil sampling locations.  Other data shows areas of original Prairie States 
Forestry Project shelterbelt plantings of the 1930s (adapted from(Read, 1958) with overlay of 
original shelterbelt planting zone as proposed in U.S. Forest Service (1935) for proposed 
sampling locations).  
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Figure 2.2. Soil organic carbon (SOC) concentration with depth under trees and the adjacent 
farmed fields (crop) for all study locations in the U.S. Great Plains.
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Figure 2.3. Soil organic carbon (SOC) stocks with depth under trees and the adjacent farmed 
fields (crop) for all study locations in the U.S. Great Plains. 
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Figure 2.4. Total nitrogen (TN) content with depth under trees and the adjacent farmed fields 
(crop) for all study locations in the U.S. Great Plains.
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Figure 2.5. Bulk density with depth under trees and the adjacent farmed fields (crop) for all 
study locations in the U.S. Great Plains. 
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Figure 2.6. pH in water (1:1) with depth under trees and the adjacent farmed fields (crop) for 
all study locations in the U.S. Great Plains.
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Figure 2.7. pH in KCl (1:1) with depth under trees and the adjacent farmed fields (crop) for 
all study locations in the U.S. Great Plains. 
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Figure 2.8. Amount of water stable aggregates (>0.25mm) for the surface 0-30 cm layer of 
soil under trees and the adjacent farmed fields (crop) for all study locations in the U.S. Great 
Plains. Error bars are one standard error.  
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Appendix Supplement Data 
 
 
Table S1. Mean values of soil organic carbon concentrations (g kg–-1) and stocks (kg m–-2) in each soil depth increments 
beneath the trees and the adjacent farmed fields in the U.S. Great Plains.  
  
Depth 
(cm) 
  
McLeod  
  
Milnor 
  
Corsica E 
  
Corsica W 
   Ponderosa 
pine  
Pasture  Elm  Row  
crop
  
 Honey  
locust 
Hay  Green 
ash  
Pasture 
              
SOC 
concentration 
 (g C kg–1)  
0-10  27.43 17.07  58.00 31.13  19.50 25.07  33.90 42.30 
10-20  11.80 9.73  39.87 28.07  14.87 18.50  27.60 22.60 
20-30  8.83 8.80  27.63 18.33  10.80 14.53  25.17 16.90 
30-50  4.40 5.57  14.57 7.73  7.53 10.63  16.03 12.70 
50-75  4.77 4.17  10.90 3.67  6.57 7.17  11.60 6.20 
75-100  5.10 4.03  2.73 2.43  3.63 4.40  12.33 4.50 
100-125  2.97 2.80  1.90 2.33  3.03 3.97  8.93 2.63 
              
SOC stock 0-10  3.75 2.37  6.78 4.24  2.64 3.58  3.79 5.46 
(kg m–2)  10-20  1.62 1.34  4.93 3.85  2.02 2.59  3.16 2.94 
 20-30  1.23 1.20  3.80 2.55  1.47 1.95  3.01 2.24 
 30-50  1.24 1.51  4.19 2.15  2.10 2.92  4.16 3.54 
 50-75  1.69 1.43  3.88 1.25  2.39 2.70  4.24 2.35 
 75-100  1.87 1.46  0.98 0.89  1.31 1.70  4.79 1.73 
 100-125  1.12 1.05  0.69 0.91  1.05 1.49  3.47 0.99 
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 Table S1. Continued 
  
Depth 
(cm) 
  
Mead 
  
Stromsburg 
  
Marquette 
  
McPherson 
   Green 
ash 
Row 
crop 
 Red 
cedar 
Alfalfa  Black 
locust 
Grass 
land 
 Osage 
orange 
Row  
crop 
              
SOC 
concentration 
(g C kg–1) 
0-10  30.97 21.70  27.37 22.17  17.77 16.07  31.47 13.57 
10-20  19.23 16.87  19.47 17.03  9.87 10.23  18.60 12.20 
20-30  15.37 16.23  17.23 16.10  9.47 9.13  18.87 10.33 
30-50  11.70 14.10  15.87 11.47  6.93 5.83  16.83 7.80 
50-75  7.27 12.13  9.43 9.53  3.43 3.47  11.97 5.00 
75-100  3.70 11.57  4.93 4.10  1.50 2.13  6.67 3.13 
100-125  2.60 6.80  2.83 2.50  0.93 1.90  5.03 3.33 
              
SOC stock 0-10  4.47 3.19  3.55 3.22  2.74 2.42  4.09 2.02 
(kg m–2) 10-20  2.73 2.46  2.56 2.39  1.52 1.55  2.45 1.84 
 20-30  2.10 2.33  2.33 2.10  1.47 1.40  2.54 1.61 
 30-50  3.16 3.93  4.44 2.96  2.22 1.86  4.68 2.45 
 50-75  2.48 4.04  3.47 3.25  1.48 1.49  4.30 1.94 
 75-100  1.21 3.79  1.85 1.50  0.66 0.93  2.67 1.22 
 100-125  0.80 2.25  1.06 0.95  0.40 0.81  2.15 1.31 
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Table S2. Soil profiles description for the study sites. 
Site    
 
 
McLeod, 
ND 
 
Tree windbreak. Described by: Keith Anderson  
MADDOCK SERIES  
TAXONOMIC CLASS: Sandy, mixed, frigid Entic Hapludolls  
Colors are for moist soil unless otherwise stated. 
 
A1--0 to 10 cm; very dark gray (10YR 3/1) loamy fine sand, dark gray 
(10YR 4/1) dry; weak fine granular structure; very friable; many fine, and 
common medium and coarse roots; abrupt smooth boundary.  
 
A2--10 to 20 cm; very dark gray (10YR 3/1) loamy fine sand, very dark 
grayish brown (10YR 3/2) dry; moderate medium subangular blocky 
structure; very friable; few fine to coarse roots; clear smooth boundary.  
 
Bw--20 to 61 cm; very dark grayish brown (10YR 3/2) loamy fine sand, 
dark grayish brown (10YR 4/2) dry; weak medium subangular blocky 
structure; very friable; few fine to very coarse roots; clear smooth 
boundary.  
 
Ab--61 to 101 cm; very dark gray (10YR 3/1) loamy fine sand; moderate 
medium subangular blocky structure; very friable; very few medium and 
few coarse roots; clear smooth boundary. 
 
C1--101 to 127 cm; dark grayish brown (10YR 4/2) sand; single grain; 
loose; very few medium and coarse roots; gradual smooth boundary.  
 
C2—127 to 152 cm; dark grayish brown (2.5Y 4/2) sand; singe grain; 
loose; common fine prominent dark yellowish brown (10YR 4/6) 
redoximorphic concentrations; common fine distinct black (10YR 2/1) soft 
masses of iron-manganese; very few medium roots; clear smooth boundary.  
 
2C3—152 to 200 cm; dark grayish brown (2.5Y 4/2) stratified very fine 
sandy loam and fine sand; massive with stratification due to the 
depositional nature of the parent material; few fine distinct olive brown 
(2.5Y 4/4) redoximorphic concentrations; strong effervescence. 
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McLeod, 
ND 
Pasture. Described by: Keith Anderson  
HECLA SERIES 
TAXONOMIC CLASS: Sandy, mixed, frigid Oxyaquic Hapludolls  
 
Colors are for moist soil unless otherwise stated. 
 
A1--0 to 7 cm; black (10YR 2/1) loamy fine sand, dark gray (10YR 4/1) 
dry; weak fine granular structure; very friable; many fine roots; abrupt 
smooth boundary.  
 
A2--7 to 37 cm; black (10YR 2/1) loamy fine sand, dark gray (10YR 4/1) 
dry; weak medium prismatic structure parting to weak fine subangular 
blocky; very friable; common fine roots; gradual wavy boundary.  
 
Bw--37 to 60 cm; very dark gray (10YR 3/1) fine sand, dark grayish brown 
(10YR 4/2) dry; weak medium prismatic structure parting to weak fine 
subangular blocky; very friable; few fine roots; abrupt smooth boundary.  
 
Ab--60 to 89 cm; very dark gray (2.5Y 3/1) loamy fine sand; weak medium 
prismatic structure parting to single grain; very friable; few fine roots; 
gradual smooth boundary.  
 
AC--89 to 114 cm; very dark grayish brown (2.5Y 3/2) and dark olive 
brown (2.5Y 3/3) loamy fine sand; single grain; loose; many coarse distinct 
dark brown (10YR 3/3) redoximorphic concentrations; very few fine roots; 
gradual smooth boundary. 
 
C1--114 to 156 cm; dark grayish brown (2.5Y 4/2) loamy fine sand; single 
grain; loose; common fine distinct dark yellowish brown (10YR 4/4) 
redoximorphic concentrations; few fine distinct black (10YR 2/1) soft 
masses of iron-manganese; very few fine roots; clear wavy boundary.  
 
2C2--156 to 200 cm; light brownish gray (2.5Y 6/2) stratified very fine 
sandy loam and fine sand; massive with stratification due to the 
depositional nature of the parent material; very friable; common fine 
distinct light olive brown (2.5Y 5/4) redoximorphic concentrations and 
many fine faint gray (2.5Y 6/1) depletions; violent effervescence. 
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Milnor, ND Tree windbreak. Described by: Keith Anderson  
FORMAN SERIES  
TAXONOMIC CLASS: Fine-loamy, mixed, superactive, frigid Calcic 
Argiudolls  
Colors are moist soil unless otherwise stated. 
A--0 to 17 cm; black (10YR 2/1) loam, very dark gray (10YR 3/1) dry; 
moderate medium subangular structure parting to strong fine granular; 
friable; common fine and medium, and few coarse roots; clear smooth 
boundary.  
Bt1--17 to 28 cm; black (10YR 2/1) loam, very dark grayish brown (10YR 
3/2) dry; moderate coarse prismatic structure parting to strong fine 
subangular blocky; friable; many faint very dark gray (10YR 3/1) clay 
films on faces of peds; few fine to coarse roots; clear smooth boundary.  
Bt2--28 to 49 cm; olive brown (2.5Y 4/3) clay loam; moderate medium 
prismatic structure parting to strong medium subangular blocky; friable; 
many faint very dark gray (10YR 3/1) clay films on faces of peds; few 
medium to very coarse roots; clear smooth boundary. 
Bk1--49 to 72 cm; light olive brown (2.5Y 5/4) clay loam; moderate coarse 
subangular blocky structure parting to moderate fine subangular blocky; 
friable; few medium distinct pale yellow (2.5Y 7/3) soft masses of 
carbonates; very few medium, and few coarse and very coarse roots; about 
2 percent gravel; violent effervescence; abrupt smooth boundary. 
Bk2--72 to 82 cm; light olive brown (2.5Y 5/6) loam; weak fine subangular 
blocky structure; very friable; very few medium to very coarse roots; about 
5 percent gravel; violent effervescence; abrupt wavy boundary. 
2Bk3--82 to 102 cm; light olive brown (2.5Y 5/4) clay loam; weak coarse 
subangular blocky structure parting to moderate fine and medium 
subangular blocky; friable; few fine distinct grayish brown (2.5Y 5/2) 
depletions; very few medium roots; about 2 percent gravel; violent 
effervescence; clear wavy boundary. 
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Milnor, ND Row crop field. Described by: Keith Anderson  
FORMAN SERIES  
TAXONOMIC CLASS: Fine-loamy, mixed, superactive, frigid Calcic 
Argiudolls  
This site is from the corn field.  Colors are moist soil unless otherwise 
stated. 
Ap--0 to 10 cm; black (10YR 2/1) loam, very dark gray (10YR 3/1) dry; 
moderate medium cloddy structure parting to strong fine subangular 
blocky; friable; few fine and medium roots; abrupt smooth boundary.  
A--10 to 18 cm; black (10YR 2/1) loam, very dark gray (10YR 3/1) dry; 
moderate fine subangular blocky structure; friable; few fine and medium 
roots; gradual wavy boundary.  
Bt1--18 to 33 cm; black (10YR 2/1) and dark brown (10YR 3/3) clay loam; 
strong medium prismatic structure parting to moderate medium subangular 
blocky; friable; many faint very dark grayish brown (10YR 3/2) clay films 
on faces of peds; very few fine and medium roots; gradual smooth 
boundary.  
Bt2--33 to 41 cm; dark brown (10YR 3/3) loam; moderate fine subangular 
blocky structure; friable; many faint very dark grayish brown (10YR 3/2) 
clay films on faces of peds; very few fine roots; clear smooth boundary. 
Bk--41 to 54 cm; brown (10YR 4/3) loamy sand; weak medium subangular 
blocky structure; very friable; common medium prominent strong brown 
(7.5YR 4/6) redoximorphic concentrations; very few fine roots; about 12 
percent gravel; violent effervescence; abrupt smooth boundary.  
2Btk--54 to 72 cm; light olive brown (2.5Y 5/4) clay loam; moderate 
medium subangular blocky structure; friable; few fine prominent strong 
brown (7.5YR 4/6) redoximorphic concentrations; common faint olive 
brown (2.5Y 4/4) clay films on faces of peds; few fine faint pale yellow 
(2.5Y 7/3) masses of carbonates; very few fine roots; about 1 percent 
gravel; violent effervescence; clear smooth boundary. 
 
2Bk1--72 to 90 cm; light olive brown (2.5Y 5/4) clay loam; moderate 
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medium prismatic structure parting to moderate medium platy; friable; few 
fine prominent strong brown (7.5YR 4/6) redoximorphic concentrations 
and many medium distinct light gray (2.5Y 7/1) depletions; very few fine 
roots; about 1 percent gravel; violent effervescence; clear smooth 
boundary. 
2Bk2--90 to 105 cm; olive brown (2.5Y 4/4) clay loam; weak coarse 
prismatic structure parting to moderate medium platy; friable; common fine 
prominent strong brown (7.5YR 4/6) redoximorphic concentrations and 
many medium prominent gray (5Y 6/1) depletions; few fine prominent 
black (10YR 2/1) soft masses of iron-manganese; very few very fine roots; 
about 2 percent gravel; strong effervescence; clear smooth boundary.  
2C--105 to 200 cm; light olive brown (2.5Y 5/3) clay loam; massive 
parting to moderate coarse platy; friable; common fine prominent strong 
brown (7.5YR 4/6) redoximorphic concentrations and many medium 
prominent gray (5Y 6/1) depletions; strong effervescence. 
 
Corsica E, 
SD 
Tree windbreak. Described by Steve Winter and Lance Howe  
 
EAKIN SERIES 
 
TAXONOMIC CLASS: Fine-silty, mixed, superactive, mesic Typic 
Argiustoll 
 
This is a well-drained site with a 0 to 1 percent slope formed in glacial till. 
Colors are for moist soil unless otherwise stated. 
 
Ap--0 to 20 cm; very dark grayish brown (10YR 3/2) silty clay loam, dark 
grayish brown (10YR 4/2) dry; weak fine granular structure; few coarse 
and many medium and fine roots; common very fine pores; abrupt smooth 
boundary. 
 
Bt--20 to 30 cm; dark grayish brown (10YR 4/2) silty clay loam, brown 
(10YR 4/3) dry; moderate medium to fine subangular blocky structure; few 
coarse and many medium and fine roots; few very fine pores; clay films on 
vertical faces of peds; clear wavy boundary. 
 
Bk1--30 to 62 cm; brown (10YR 4/3) silty clay loam, light olive brown 
(2.5Y 5/3) dry; weak medium to fine subangular blocky structure; common 
medium and fine roots; common very fine pores; common fine and 
medium masses of carbonates; violently effervescent; gradual wavy 
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boundary. 
 
2Bk2--62 to 97 cm; olive brown (2.5Y 4/4) loam, light olive brown (2.5Y 
5/4) dry; weak medium to fine subangular blocky structure; common fine 
roots; common very fine pores; many fine yellowish brown (10YR 5/6) Fe 
concentrations; many medium and fine gray (2.5Y 5/1) Fe depletions; 
many medium and fine masses of carbonates; violently effervescent; 
gradual wavy boundary. 
 
2C--97 to 150 cm; olive brown (2.5Y 4/3) loam, light olive brown (2.5Y 
5/3) dry; massive; few very fine roots; few very fine pores; many medium 
yellowish brown (10YR 5/6) Fe concentrations; many medium and fine 
gray (2.5Y 5/1) Fe depletions; some varves in areas; strongly effervescent. 
 
Corsica E, 
SD 
Hay field. Described by Steve Winter and Lance Howe 
EAKIN SERIES 
TAXONOMIC CLASS: Fine-silty, mixed, superactive, mesic Typic 
Argiustoll 
 
This is a well-drained site with a 0 to 1 percent slope formed in glacial till. 
Colors are for moist soil unless otherwise stated. 
 
Ap--0 to 14 cm; very dark grayish brown (10YR 3/2) silty clay loam, dark 
grayish brown (10YR 4/2) dry; weak medium to fine granular structure; 
many medium and fine roots; common very fine pores; abrupt smooth 
boundary. 
 
Bt--14 to 33 cm; dark grayish brown (10YR 4/2) silty clay loam, brown 
(10YR 4/3) dry; moderate medium prismatic structure parting to moderate 
medium to fine subangular blocky structure; common fine roots; few very 
fine pores; clay films on vertical faces of peds; clear smooth boundary. 
 
Bk1--33 to 54 cm; olive brown (2.5Y 4/3) silty clay loam, light olive 
brown (2.5Y 5/4) dry; moderate medium to fine subangular blocky 
structure; common fine and very fine roots; common very fine pores; 
common fine and medium masses of carbonates; violently effervescent; 
gradual wavy boundary. 
 
Bk2--54 to 84 cm; olive brown (2.5Y 4/4) silty clay loam, light yellowish 
brown (2.5Y 6/4) dry; weak medium to fine subangular blocky structure; 
common fine and very fine roots; common very fine pores; many fine and 
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medium masses of carbonates; violently effervescent; gradual wavy 
boundary. 
 
2Bk3--84 to 114 cm; olive brown (2.5Y 4/3) clay loam, light olive brown 
(2.5Y 5/4) dry; weak medium to fine subangular blocky structure; few very 
fine roots; common very fine pores; few fine gray (2.5Y 5/1) Fe depletions; 
many fine and medium masses of carbonates; violently effervescent; clear 
wavy boundary. 
 
2C--114 to 160 cm; olive brown (2.5Y 4/3) clay loam, light olive brown 
(2.5Y 5/3) dry; massive; few very fine roots; few very fine pores; common 
fine yellowish brown (10YR 5/6) Fe concentrations; many medium and 
fine gray (2.5Y 5/1) Fe depletions; strongly effervescent. 
 
Corsica W, 
SD 
Tree windbreak. Described by Steve Winter and Lance Howe  
 
MOBRIDGE SERIES 
TAXONOMIC CLASS: Fine-silty, mixed, superactive, mesic Pachic 
Argiustoll 
 
This is a well-drained site with a 0 to 1 percent slope formed in glacial till. 
Colors are for moist soil unless otherwise stated. 
 
A1--0 to 11 cm; black (10YR 2/1) silt loam, dark gray (10YR 4/1) dry; 
weak fine subangular blocky structure parting to weak medium to fine 
granular structure; many medium and fine roots; common very fine pores; 
clear smooth boundary. 
 
A2--11 to 31 cm; very dark brown (10YR 2/2) silt loam, dark grayish 
brown (10YR 4/2) dry; weak fine subangular blocky structure parting to 
weak medium to fine granular structure; many medium and fine roots; 
common very fine pores; clear smooth boundary. 
 
A3--31 to 47 cm; very dark brown (10YR 2/2) silt loam, dark grayish 
brown (10YR 4/2) dry; weak fine subangular blocky structure; many 
medium and fine roots; common very fine pores; clear smooth boundary. 
 
Bt1--47 to 75 cm; very dark grayish brown (10YR 3/2) silty clay loam, 
brown (10YR 4/3) dry; moderate medium prismatic structure parting to  
 
 
moderate medium to fine subangular blocky structure; common medium 
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and fine roots; few very fine pores; clay films on vertical faces of peds; 
gradual wavy boundary. 
 
Bt2--75 to 116 cm; black (10YR 2/1) silty clay loam, very dark grey 
(10YR 3/1) dry; moderate medium prismatic structure parting to moderate 
medium to fine subangular blocky structure; common fine and very fine 
roots; few very fine pores; clay films on vertical faces of peds; gradual 
wavy boundary. 
 
Btk--116 to 136 cm; dark olive brown (2.5Y 3/3) silty clay loam, olive 
brown (2.5Y 4/3) dry; moderate medium prismatic structure parting to 
moderate medium to fine subangular blocky structure; few fine and very 
fine roots; common very fine pores; clay films on vertical faces of peds; 
few fine yellowish brown (10YR 5/6) Fe concentrations; carbonate threads; 
strongly effervescent; gradual wavy boundary. 
 
Bk--136 to 150 cm; olive brown (2.5Y 4/3) silty clay loam, light olive 
brown (2.5Y 5/3) dry; weak medium to fine subangular blocky structure; 
few very fine roots; common fine and very fine pores; common fine 
yellowish brown (10YR 5/6) Fe concentrations; common fine gray (2.5Y 
5/1) Fe depletions; carbonate threads; violently effervescent. 
 
Corsica W, 
SD 
Pasture. Described by Steve Winter and Lance Howe 
EAKIN SERIES 
 
TAXONOMIC CLASS: Fine-silty, mixed, superactive, mesic Typic 
Argiustoll 
 
This is a well-drained site with a 0 to 1 percent slope formed in glacial till. 
Colors are for moist soil unless otherwise stated. 
 
A--0 to 19 cm; very dark brown (10YR 2/2) silty clay loam, dark grayish 
brown (10YR 4/2) dry; weak fine subangular blocky structure parting to 
weak medium to fine granular structure; many medium and fine roots; 
common very fine pores; clear smooth boundary. 
 
Bt--19 to 29 cm; dark brown (10YR 3/3) silty clay loam, brown (10YR 
4/3) dry; moderate medium prismatic structure parting to moderate medium 
to fine subangular blocky structure; common medium and fine roots; 
common very fine pores; clay films on vertical faces of peds; clear wavy 
boundary. 
 
Bk1--29 to 43 cm; olive brown (2.5Y 4/3) silty clay loam, light olive 
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brown (2.5Y 5/3) dry; weak medium to fine subangular blocky structure; 
common fine and very fine roots; common very fine pores; common fine 
and medium masses of carbonates; violently effervescent; gradual wavy 
boundary. 
 
2Bk2--43 to 77 cm; light olive brown (2.5Y 5/3) clay loam, light yellowish 
brown (2.5Y 6/3) dry; weak medium to fine subangular blocky structure; 
common fine and very fine roots; common fine and very fine pores; 
common fine and medium masses of carbonates; violently effervescent; 
gradual wavy boundary. 
 
2C--77 to 150 cm; light olive brown (2.5Y 5/4) clay loam, light yellowish 
brown (2.5Y 6/4) dry; massive; few very fine roots; few very fine pores; 
common fine yellowish brown (10YR 5/6) Fe concentrations; many 
medium and fine gray (2.5Y 5/1) Fe depletions; strongly effervescent. 
 
Mead, NE Tree windbreak. Described by C. Latta and B Evans 
TOMEK SERIES 
 
TAXONOMIC CLASS: Fine, smectitic, mesic Pachic Argiudoll 
This site is on a well-drained loess upland with a udic temperature regime. 
Colors are for moist soil unless otherwise stated. 
 
Ap--0 to 22 cm; very dark gray (10YR 3/1) silt loam; weak fine granular 
structure; soft, friable, slightly sticky, slightly plastic; clear smooth 
boundary. 
 
Bt1--22 to 34 cm; very dark gray (10YR 3/1) silty clay loam; weak 
medium subangular blocky structure; slightly hard, friable, moderately 
sticky, moderately plastic; clear smooth boundary. 
 
Bt2--34 to 52 cm; very dark grayish brown (10YR 3/2) silty clay loam; 
moderate medium to fine subangular blocky structure; slightly hard, firm, 
moderately sticky, moderately plastic; clear smooth boundary. 
 
Bt3--52 to 80 cm; brown (10YR 4/3) silty clay loam; moderate medium to 
fine subangular blocky structure; slightly hard, firm, moderately sticky, 
moderately plastic; clear smooth boundary. 
 
Bt4--80 to 107 cm; brown (10YR 4/3) silty clay loam; weak fine prismatic 
structure parting to weak fine subangular blocky structure; slightly hard, 
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firm, moderately sticky, moderately plastic; clear smooth boundary. 
 
BC--107 to 130 cm; brown (10YR 5/3) silt loam; weak fine prismatic 
structure; slightly hard, friable, moderately sticky, moderately plastic; 
common medium distinct strong brown (7.5YR 5/6) Fe concentrations; 
slightly effervescent.  
 
Mead, NE Row crop field. Described by C. Latta and B Evans  
 
TOMEK SERIES 
 
TAXONOMIC CLASS: Fine, smectitic, mesic Pachic Argiudoll 
 
This site is on a well-drained loess upland with 1 percent slope and a udic 
temperature regime. Colors are for moist soil unless otherwise stated. 
 
Ap1--0 to 11 cm; very dark grayish brown (10YR 3/2) silt loam; weak 
medium cloddy structure; soft, very friable, slightly sticky, slightly plastic; 
abrupt smooth boundary. 
 
Ap2--11 to 23 cm; very dark grayish brown (10YR 3/2) silt loam; weak 
fine cloddy structure; soft, very friable, slightly sticky, slightly plastic; 
abrupt smooth boundary. 
 
A--23 to 48 cm; very dark grayish brown (10YR 3/2) silt loam; moderate 
medium granular structure; soft, very friable, slightly sticky, slightly 
plastic; clear smooth boundary. 
 
Bt1--48 to 70 cm; very dark grayish brown (10YR 3/2) silty clay loam; 
moderate fine subangular blocky structure; slightly hard, friable, 
moderately sticky, moderately plastic; clear smooth boundary. 
 
Bt2--70 to 86 cm; very dark grayish brown (10YR 3/2) silty clay loam; 
strong fine subangular blocky structure; slightly hard, friable, moderately 
sticky, moderately plastic; clear smooth boundary 
 
Bt3--86 to 98 cm; very dark grayish brown (10YR 3/2) silty clay loam; 
strong fine subangular blocky structure; slightly hard, firm, moderately 
sticky, moderately plastic; few fine distinct dark yellowish brown (10YR 
4/6) Fe concentrations; clear smooth boundary. 
Bt4--98 to 113 cm; dark grayish brown (10YR 4/2) silty clay loam; strong 
fine subangular blocky structure; hard, firm, moderately sticky, moderately 
plastic; common fine distinct dark yellowish brown (10YR 4/6) Fe 
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concentrations; clear smooth boundary. 
 
Bt5--113 to 150 cm; brown (10YR 4/3) silty clay loam; strong medium 
subangular blocky structure; hard, firm, moderately sticky, moderately 
plastic; common fine distinct dark yellowish brown (10YR 4/6) Fe 
concentrations. 
 
Stromsburg, 
NE 
Tree windbreak. Described by C. Latta and B Evans 
 
HASTINGS SERIES 
 
TAXONOMIC CLASS: Fine, smectitic, mesic Udic Argiustoll 
 
This site is on a loess upland. Colors are for moist soil unless otherwise 
stated. 
 
Ap1--0 to 17 cm; very dark grayish brown (10YR 3/2) silt loam; weak fine 
granular structure; soft, friable, slightly sticky, slightly plastic; abrupt 
smooth boundary. 
 
Ap2--17 to 32 cm; very dark grayish brown (10YR 3/2) silt loam; weak 
medium to fine granular structure; soft, friable, slightly sticky, slightly 
plastic; abrupt smooth boundary. 
 
Bt1--32 to 48 cm; very dark grayish brown (10YR 3/2) silty clay loam; 
moderate medium to fine subangular blocky structure; slightly hard, firm, 
moderately sticky, moderately plastic; clear smooth boundary. 
 
Bt2--48 to 66 cm; dark brown (10YR 3/3) silty clay loam; moderate 
medium to fine prismatic structure parting to moderate medium to fine 
subangular blocky structure; slightly hard, firm, moderately sticky, 
moderately plastic; clear smooth boundary. 
 
Bt3--66 to 88 cm; brown (10YR 4/3) silty clay loam; moderate medium 
prismatic structure parting to moderate medium subangular blocky 
structure; slightly hard, firm, moderately sticky, moderately plastic; clear 
smooth boundary. 
 
Bt4--88 to 107 cm; brown (10YR 5/3) silty clay loam; moderate medium 
prismatic structure parting to moderate medium subangular blocky 
structure; slightly hard, firm, moderately sticky, moderately plastic; clear 
smooth boundary. 
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BC--107 to 148 cm; brown (10YR 5/3) silt loam; weak coarse prismatic 
structure parting to weak coarse subangular blocky structure; soft, friable, 
slightly sticky, slightly plastic. 
 
 
Stromsburg, 
NE 
Alfalfa field. Described by C. Latta and B Evans 
 
HASTINGS SERIES 
 
TAXONOMIC CLASS: Fine, smectitic, mesic Udic Argiustoll 
 
This site is on a loess upland. Colors are for moist soil unless otherwise 
stated. 
 
Ap1--0 to 11 cm; very dark grayish brown (10YR 3/2) silt loam; weak fine 
subangular blocky structure; soft, friable, slightly sticky, slightly plastic; 
abrupt smooth boundary. 
 
Ap2--11 to 24 cm; very dark grayish brown (10YR 3/2) silt loam; weak 
fine subangular blocky structure parting to moderate fine platy structure; 
soft, friable, slightly sticky, slightly plastic; clear smooth boundary. 
 
A--24 to 46 cm; very dark grayish brown (10YR 3/2) silt loam; moderate 
medium granular structure; soft, friable, slightly sticky, slightly plastic; 
clear smooth boundary. 
 
Bt1--46 to 68 cm; dark grayish brown (10YR 4/2) silty clay loam; 
moderate fine subangular blocky structure; slightly hard, firm, moderately 
sticky, moderately plastic; clear smooth boundary. 
 
Bt2--68 to 98 cm; brown (10YR 5/3) silty clay loam; moderate medium 
subangular blocky structure; slightly hard, firm, moderately sticky, 
moderately plastic; clear smooth boundary. 
 
Bt3--98 to 124 cm; brown (10YR 5/3) silty clay loam; weak medium 
prismatic structure parting to weak medium subangular blocky structure; 
slightly hard, firm, moderately sticky, moderately plastic; clear smooth 
boundary. 
 
BC--124 to 156 cm; brown (10YR 5/3) silt loam; weak medium prismatic 
structure; soft, friable, slightly sticky, slightly plastic; few fine strong 
brown (7.5YR 5/6) Fe concentrations. 
 
59 
 
Table S2. Continued 
 
 
Marquette, 
KS 
Tree windbreak. described by Tyler Labenz 
 
WELLS SERIES 
 
TAXONOMIC CLASS: Fine-loamy, mixed, active, mesic Udic Argiustoll 
 
Colors are for moist soils unless otherwise stated. 
 
Ap--0 to 13 centimeters; loam, dark brown (7.5YR 3/2), moist; moderate 
fine subangular blocky structure, and weak fine granular structure; friable; 
common fine roots throughout and common medium roots throughout and 
common coarse roots throughout and few very fine roots throughout; few 
fine tubular and common very fine tubular pores; noneffervescent; ; abrupt 
smooth boundary.          
 
A--13 to 23 centimeters; loam, dark brown (7.5YR 3/2), moist; moderate 
fine subangular blocky structure, and weak fine granular structure; friable; 
common fine roots throughout and common medium roots throughout and 
common coarse roots throughout and few very fine roots throughout; few 
fine tubular and common very fine tubular pores; noneffervescent; ; clear 
smooth boundary.           
 
Bt1--23 to 47 centimeters; clay loam, dark brown (7.5YR 3/3), moist; weak 
coarse prismatic structure parts to moderate fine subangular blocky 
structure; firm; common fine roots throughout and common medium roots 
throughout; few fine tubular and many very fine tubular pores; 60 percent 
continuous distinct dark brown (7.5YR 3/3), moist, clay films on all faces 
of peds; noneffervescent; ; clear smooth boundary.     
 
Bt2--47 to 66 centimeters; clay loam, brown (7.5YR 4/3), moist; moderate 
fine subangular blocky structure, and moderate medium subangular blocky 
structure; firm; few fine roots throughout and few medium roots 
throughout; few fine tubular and few very fine tubular pores; 40 percent 
continuous distinct dark brown (7.5YR 3/3), moist, clay films on all faces 
of peds; noneffervescent; ; clear smooth boundary.                                                                                     
 
Bt3--66 to 81 centimeters; sandy clay loam, brown (7.5YR 4/3), moist; 
moderate fine subangular blocky structure, and moderate medium  
subangular blocky structure; firm; few fine roots throughout; few fine 
tubular and few very fine tubular pores; 25 percent discontinuous distinct 
dark brown (7.5YR 3/2), moist, clay films on all faces of peds; 
noneffervescent; ; clear smooth boundary.       
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Bt4--81 to 100 centimeters; sandy clay loam, brown (7.5YR 4/4), moist; 
moderate medium subangular blocky structure; friable; few fine roots 
throughout; common fine tubular and common very fine tubular pores; 20 
percent discontinuous distinct brown (7.5YR 4/2), moist, clay films on all 
faces of peds; 2 percent 2- to 10-millimeter mixed rock fragments; 
noneffervescent; ; clear smooth boundary.               
  
Bt5--100 to 117 centimeters; sandy clay loam, brown (7.5YR 5/4), moist; 
24 percent clay; weak medium subangular blocky structure; friable; few 
fine roots throughout; common fine tubular and common very fine tubular 
pores; 10 percent patchy distinct clay films on vertical faces of peds; 
noneffervescent; ; clear smooth boundary.                                                            
 
BC--117 to 150 centimeters; sandy loam, light brown (7.5YR 6/3), moist; 
weak fine subangular blocky structure; very friable; few fine roots 
throughout; few fine tubular and common very fine tubular pores; 
noneffervescent. 
 
Marquette, 
KS 
Grass site. Described by Tyler Labenz 
WELLS SERIES 
 
TAXONOMIC CLASS: Fine-loamy, mixed, active, mesic Udic Argiustoll 
 
Colors are for moist soils unless otherwise stated. 
 
Ap--0 to 13 centimeters; loam, dark brown (7.5YR 3/3), moist; moderate 
fine granular structure, and moderate fine subangular blocky structure; 
friable; common fine roots throughout and common very fine roots 
throughout; few very fine tubular pores; noneffervescent; ; abrupt smooth 
boundary. 
       
A--13 to 23 centimeters; loam, dark brown (7.5YR 3/3), moist; moderate 
fine granular structure, and moderate fine subangular blocky structure; 
friable; common very fine roots throughout; common very fine tubular 
pores; noneffervescent; ; clear smooth boundary.                                        
 
Bt1--23 to 42 centimeters; clay loam, brown (7.5YR 4/3), moist; moderate 
medium subangular blocky structure, and moderate fine subangular blocky 
structure; firm; common very fine roots throughout; many very fine tubular 
pores; 80 percent continuous distinct dark brown (7.5YR 3/3), moist, clay 
films on all faces of peds; noneffervescent; ; clear smooth boundary.                                
 
Bt2--42 to 71 centimeters; clay loam, brown (7.5YR 4/3), moist; moderate 
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medium subangular blocky structure, and moderate fine subangular blocky 
structure; firm; common very fine roots throughout; many very fine tubular 
pores; 40 percent discontinuous distinct dark brown (7.5YR 3/3), moist, 
clay films on all faces of peds; noneffervescent; ; clear smooth boundary.                                
 
Bt3--71 to 90 centimeters; clay loam, brown (7.5YR 4/4), moist; moderate 
medium subangular blocky structure, and moderate fine subangular blocky 
structure; firm; common very fine roots throughout; common very fine 
tubular pores; 15 percent discontinuous distinct brown (7.5YR 4/3), moist, 
clay films on vertical faces of peds; noneffervescent; ; clear smooth 
boundary.                           
 
Bt4--90 to 110 centimeters; clay loam, brown (7.5YR 4/4), moist; weak 
medium subangular blocky structure, and moderate fine subangular blocky 
structure; friable; common very fine roots throughout; common very fine 
tubular pores; 8 percent discontinuous distinct brown (7.5YR 4/3), moist, 
clay films on vertical faces of peds; noneffervescent; ; clear smooth 
boundary.               
 
Bt5--110 to 130 centimeters; clay loam, brown (7.5YR 5/3), moist; weak 
medium subangular blocky structure, and moderate fine subangular blocky 
structure; friable; few very fine roots throughout; few very fine tubular 
pores; 5 percent patchy distinct clay films on vertical faces of peds; 
noneffervescent; ; clear smooth boundary.                                                            
 
BC--130 to 150 centimeters; sandy clay loam, brown (7.5YR 5/4), moist; 
weak fine subangular blocky structure; very friable; few very fine roots 
throughout; few very fine tubular pores; noneffervescent.    
 
McPherson, 
KS 
Windbreak Site; described by Tyler Labenz 
IRWIN SERIES 
 
TAXONOMIC CLASS: Fine, mixed, superactive, mesic Pachic 
Argiustoll 
 
Colors are for moist soils unless otherwise stated. 
A1--0 to 20 centimeters; silty clay loam, black (10YR 2/1), moist; weak 
medium      
subangular blocky structure parts to moderate fine granular structure; 
friable; common fine roots throughout and few medium roots throughout 
and many very fine roots throughout; common fine tubular and common 
coarse tubular and common very fine tubular pores; noneffervescent; ; clear 
smooth boundary.                                                                                            
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A2--20 to 38 centimeters; silty clay loam, black (10YR 2/1), moist; 
moderate        
medium subangular blocky structure parts to weak fine subangular blocky 
structure; firm; common fine roots throughout and few medium roots 
throughout and many very fine roots throughout; common fine tubular and 
few coarse tubular and common very fine tubular pores; noneffervescent; ; 
clear smooth boundary.                                                                                     
 
Bt1--38 to 56 centimeters; silty clay, very dark gray (10YR 3/1), moist; 
moderate   
coarse subangular blocky structure, and moderate medium subangular 
blocky structure; very firm; few fine roots throughout and common very 
fine roots throughout; common fine tubular and common coarse tubular 
and common very fine tubular pores; 10 percent black (10YR 2/1), moist, 
organic stains and   
35 percent discontinuous distinct clay films on all faces of peds; 
noneffervescent; ; clear smooth boundary.                                                                                            
 
Bt2--56 to 79 centimeters; silty clay, very dark grayish brown (10YR 3/2), 
moist;  
weak coarse subangular blocky structure, and moderate medium 
subangular blocky structure; very firm; few fine roots throughout and 
common very fine roots throughout; few fine tubular and few very fine 
tubular pores; 4 percent black (10YR 2/1), moist, organic stains and 25 
percent discontinuous distinct clay films on all faces of peds; 
noneffervescent; ; abrupt smooth boundary.   
 
Btk1--79 to 87 centimeters; silty clay, dark grayish brown (10YR 4/2), 
moist;  
moderate fine subangular blocky structure, and weak medium subangular 
blocky structure; firm; few fine roots throughout and few very fine roots 
throughout; few very fine tubular pores; 10 percent  patchy distinct clay 
films on vertical faces of peds; 6 percent medium carbonate masses; 
noneffervescent; ; clear smooth boundary.           
 
Btk2--87 to 115 centimeters; silty clay, very dark grayish brown (10YR 
3/2), moist;  
moderate fine subangular blocky structure, and weak medium subangular 
blocky structure; firm; few very fine roots throughout; few very fine 
tubular pores; 10 percent patchy distinct clay films on vertical faces of 
peds; 6 percent medium carbonate masses; noneffervescent.                
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McPherson, 
KS 
Crop Site; described by Tyler Labenz  
IRWIN SERIES 
 
TAXONOMIC CLASS: Fine, mixed, superactive, mesic Udic Argiustoll 
 
Colors are for moist soils unless otherwise stated. 
 
Ap--0 to 12 centimeters; silty clay loam, very dark gray (10YR 3/1), moist; 
weak    
fine subangular blocky structure; firm; few fine roots throughout and 
common very fine roots throughout; common fine tubular and few very 
fine vesicular pores; noneffervescent; ; abrupt smooth boundary.                                                                                            
 
Bt1--12 to 26 centimeters; silty clay, very dark gray (10YR 3/1), moist; 
moderate   
fine subangular blocky structure, and moderate medium subangular blocky 
structure; very firm; few fine roots throughout and few medium roots 
throughout and few very fine roots throughout; common fine tubular and 
few very fine vesicular pores; 10 percent patchy distinct clay films on all 
faces of peds and 10 percent very dark gray (10YR 3/1), moist, organic 
stains; noneffervescent; ; clear    
smooth boundary.                                                                                     
 
Bt2--26 to 49 centimeters; silty clay, very dark grayish brown (10YR 3/2), 
moist;  
moderate fine subangular blocky structure, and moderate medium 
subangular blocky structure; very firm; few fine roots throughout and few 
very fine roots throughout; common fine tubular pores; 4 percent very dark 
gray (10YR 3/1), moist, organic stains and 25 percent discontinuous 
distinct clay films on all faces of peds; noneffervescent; ; clear smooth 
boundary.                                
 
Btk1--49 to 64 centimeters; silty clay, dark grayish brown (10YR 4/2), 
moist;  
moderate fine subangular blocky structure, and moderate medium 
subangular blocky structure; very firm; few fine roots throughout and few 
very fine roots throughout; common very fine tubular pores; 4 percent very 
dark gray (10YR 3/1), moist, organic stains and 35 percent discontinuous 
distinct clay films on all faces of peds; 4 percent medium carbonate 
masses; noneffervescent; ; abrupt smooth boundary.             
                                                                         
Btk2--64 to 84 centimeters; silty clay loam, very dark grayish brown 
(10YR 3/2), moist; moderate fine subangular blocky structure, and 
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moderate medium subangular blocky structure; firm; few fine roots 
throughout; few very fine tubular pores; 15 percent patchy distinct clay 
films on vertical faces of peds; 2 percent strong brown (7.5YR 4/6), moist, 
iron-manganese concretions; 4 percent medium carbonate masses; 
noneffervescent; ; clear smooth boundary.                           
 
Btk3--84 to 107 centimeters; silty clay loam, very dark grayish brown 
(10YR 3/2), moist; moderate fine subangular blocky structure, and 
moderate medium subangular blocky structure; firm; few very fine roots 
throughout; few very fine tubular pores; 10 percent patchy distinct clay 
films on vertical faces of peds; 2 percent black (10YR 2/1), moist, iron-
manganese nodules and 4 percent strong brown (7.5YR 4/6), moist, iron-
manganese concretions; 6 percent medium carbonate masses; 
noneffervescent; ; gradual smooth boundary.                                                  
 
Btk4--107 to 130 centimeters; silty clay loam, very dark grayish brown 
(10YR 3/2), moist; moderate fine subangular blocky structure, and 
moderate medium subangular blocky structure; firm; few very fine roots 
throughout; few very fine tubular pores; 10 percent patchy distinct clay 
films on vertical faces of peds; 3 percent strong brown (7.5YR 4/6), moist, 
iron-manganese concretions and 8 percent black (10YR 2/1), moist, iron-
manganese nodules; 6 percent medium carbonate masses; noneffervescent.             
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Figure S9. pH in water vs pH in 1MKCl for trees and the adjacent farmed fields for all study 
sites in the U.S. Great Plains. Crop refers to the adjacent farmed fields.
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Figure S10. Geometric Mean Particle Size for all study sites. 
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CHAPTER 3.    CONTRIBUTION OF TREE WINDBREAKS TO DEEP SOIL 
ORGANIC CARBON STORAGE IN SOILS OF THE U.S. GREAT PLAINS. 
Modified from a manuscript to be submitted to Global Change Biology  
A.A. Khaleel1, S. J. Hall2, M. D. McDaniel3, T. J. Sauer4 and J. C. Tyndall1 
Abstract 
Agroforestry systems (AFS) (e.g. windbreaks) that integrate trees with agricultural 
crops or animal production are likely to enhance carbon (C) storage due to deep tree roots. 
Tree windbreaks are a common agroforestry system practiced historically in the U.S. 
Northern Great Plains (NGP) after the Dust Bowl of the 1930s to alleviate drought conditions 
and reduce wind erosion. Earlier studies consistently supported the ability of trees to increase 
soil organic carbon (SOC) storage relative to treeless systems, however, most of them have 
been limited to the surface 30 cm of soil. The integration of trees in soils previously managed 
for crop and/or forage production significantly alters soil properties through fundamental 
changes in above- and belowground organic inputs, nutrient cycling, and rooting depth and 
distribution, consequently, affecting C storage and distribution. Studies of source partitioning 
of SOC under such ecosystems are rare, especially in deep soil depths. To quantify the 
relative contribution of tree-derived C to total (SOC) in such practice, soil samples were 
collected at seven depths to 1.25 m within tree plantings and the adjacent farmed fields from 
eight sites in four Great Plains states (ND, SD, NE, and KS). These sites represents the tree 
species, soils, previous land use, and climate of the region. The source partitioning of SOC 
stocks revealed that C3-derived SOC was higher under trees at nearly all sites and depth 
                                                 
1 Department of Natural Resource Ecology and Management, Iowa State University, Ames, IA, 50011 
2 Department of Ecology, Evolution, and Organismal Biology, Iowa State University, Ames, IA, 50011 
3 Department of Agronomy, Iowa State University, Ames, IA, 50011 
4  USDA-ARS, National Laboratory for Agriculture and Environment, Ames, IA, 50011 
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increments than the adjacent farmed fields. The estimated percentage of C3-derived SOC 
beneath trees was higher at the surface and decreased with depth and ranged from 60 to 91% 
in the surface 0-10 cm. The SOC partitioning data of soils beneath trees and the adjacent 
farmed fields measured from McLeod, ND, to McPherson, KS, showed a strong north to 
south decrease in SOC derived from C3 plants and a corresponding increased contribution 
from C4 plants, especially in the subsurface soil. Soils beneath trees averaged 2.93± 2.07 kg 
m–2 (mean±standard error) greater SOC stocks measured to 1.25 m than the adjacent farmed 
fields. The results indicate that most of the SOC was derived from trees, suggesting that trees 
have greater potential to store more C in the soil compared with the treeless system. 
Nomenclature: 
  AFS = agroforestry systems 
       C = carbon 
  NGP = Northern Great Plains 
  SOC = soil organic carbon 
Keywords: agroforestry, tree windbreaks, Northern Great Plains, soil organic carbon, 
carbon sequestration, stable carbon isotope.  
Introduction 
Agroforestry systems (AFS) purposefully integrate trees with agricultural systems to 
enhance crop productivity and ecosystem functionality at multiple scales (Dosskey et al., 
2017). In the United States, AFS have played a significant role in agricultural history. Of 
singular historical note, initiated by soil erosion conditions in the U.S. Great Plains region 
that would define the “Dust Bowl” era, the integration of tree-based windbreak systems into 
row crop dominated landscapes in the 1930s is credited with aiding in that regions soil 
69 
erosion recovery (Mason & Karle, 2017). Windbreaks in particular have long been associated 
with a variety of social, monetary, and environmental benefits in modern agricultural 
landscapes as well (Brandle et al., 2009). Despite the role that windbreaks can play in 
agriculture, because of rising land prices, newer cropping technologies that reduce erosion, 
changes in taxation policies at the state level, and in some cases urban expansion, impetus to 
maintain or increase tree cover in this region has significantly diminished (Schaefer et al., 
1987). Nevertheless, ecosystem benefits from tree-based practices are broadly recognized by 
landowners in the Great Plains region and these values factor into decisions to integrate trees 
into their farm systems (Hand et al., 2017). One critical ecosystem benefit associated with 
windbreaks that resonates with landowners in the region (and globally) is carbon storage 
particularly in the context of potential carbon markets (Miller et al., 2012; Possu et al., 2016; 
Hand et al., 2017). A challenge in advancing the C market has been in a need to better 
understand the mechanisms and processes associated with C storage and dynamics in these 
ecosystems.  
Tree components in AFS can act as a significant sink for atmospheric C due to their 
long-term storage of significant amount of C in their above- and below-ground biomass (Kort 
& Turnock, 1999; Kirschbaum, 2003), especially in extensive rooting systems (Haile et al., 
2010; Udawatta & Jose, 2011). The integration of trees in AFS can increase C storage 
potential relative to treeless cropping systems (Jose, 2009). For example, in a Midwestern 
U.S. study, estimated soil organic carbon (SOC) for the surface 15 cm was significantly 
greater beneath a 35 yr-old eastern red cedar-Scotch pine windbreak in Nebraska as 
compared to adjacent cultivated soils (3994 g C m–2 vs. 3623 g C m–2, respectively) (Sauer et 
al., 2007). Similarly, in a study in Northern Italy, Del Galdo et al. (2003) found that over a 20 
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year period, trees planted into cropped soil increased total soil C by 23% and 6% in the 0-10 
and the 10-30 cm depth layers, respectively, compared to adjacent cropped soils.  
Trees integration on soils previously managed for crop or forage production can 
significantly alters the quality and quantity of above- and below-ground biomass, rooting 
distribution and depth, and soil microbial community (Jobbágy & Jackson, 2000; Haile et al., 
2008), consequently, affecting SOC abundance and distribution. Trees grown in AFS can 
affect deep SOC stocks through their extensive deep rooting system (Nair, 2012; Cardinael et 
al., 2017). The distribution and variation of SOC with depth and beneath trees is still poorly 
understood. Although the available studies support the expectation that planting trees in 
and/or around agricultural fields enhance soil C sequestration compared to treeless land-use 
systems (Hernandez-Ramirez et al., 2011), however, very few studies assessed the impact of 
trees in AFS on deep SOC (Haile et al., 2010; Cardinael et al., 2015, 2017). Information 
regarding SOC dynamics and tree influence on C storage in deeper soil layers is still lacking 
in the literature (Takimoto et al., 2009; Nair, 2012). Perhaps, most of the previous studies of 
C dynamics in AFS have measured SOC content of the surface 0-30 cm soil depth (Nair, 
2012; Cardinael et al., 2015, 2017). Thus, addressing this lack of data on deep SOC in AFS 
would be an important step towards better understanding of carbon sequestration in AFS in 
terms of management, modeling and markets (Schoeneberger, 2009; Nair et al., 2010; Capon 
et al., 2013; Ziegler et al., 2016).  
Stable C isotopes are useful for understanding plant-soil SOC dynamics (Ehleringer 
et al., 2000; Takimoto et al., 2009; Haile et al., 2010; Hernandez-Ramirez et al., 2011). Soils 
that were initially under C4 vegetation (e.g., warm-season grasses and crops such as maize 
Zea mays) and then changed to C3 vegetation (cool-season grasses, forbs, and tree species), 
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or vice versa, are well suited to study SOC dynamics. The stable C isotope ratio (13C/12C) 
expressed as 13C is related to the plants photosynthetic pathway. C3 and C4 plants have 
different photosynthetic pathways that discriminate differently against the naturally occurring 
13C isotope. Thus, the C isotope composition of SOM can be used to trace the SOC source 
(Balesdent and Mariotti 1996; Follet et al. 1997; Takimoto et al. 2009). The 13C values 
range of terrestrial plants grown under natural conditions are between –10 and – 16‰ for C4 
plants and –22 to –35‰ for C3 plants (Cerling et al., 1997). Hernandez-Ramirez et al. (2011) 
effectively partitioned the tree-C contribution to SOC and found 53.9 and 47.1% of the SOC 
in the surface 30 cm soil was tree-derived with mean residence times of 45 and 55 yrs at sites 
in Nebraska and Iowa, respectively. Similarly, in Northern Italy, Del Galdo et al. (2003) used 
stable C isotopes to study the relative contribution of a 20 yrs old mixed deciduous forest that 
was planted on soil previously cropped to continuous maize. They found that afforestation 
resulted in a significant increase in soil C with tree-derived C contributing to 43 and 31% to 
the total soil C storage in tree soils in the surface 10 and 10-30 cm soil depths.  
The change in vegetation after trees integration in AFS on soils previously managed 
for crop or forage production presents a unique opportunities to use the stable C isotope 
methodology to study SOC dynamics under such practices. Nonetheless, little information on 
SOC source partitioning under tree-based systems is currently available, especially at deeper 
soil depths (Hernandez-Ramirez et al., 2011). With the aim of understanding to what extent 
trees alter the SOC content and distribution with depth (to 1.25 m) as compared to the 
adjacent farmed fields. The objective of this study was to quantify the relative contribution of 
tree-derived C to SOC using the natural C isotopic differences in the Northern US Great 
Plains. 
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Materials and Methods  
Study sites 
This study was conducted within the original Prairie States Forestry Project (PSFP) 
shelterbelt planting zone (U.S. Forest Service., 1935; Droze, 1977). Site selection was 
intended to obtain representative soils, tree plantings, and cropping practices for the 
respective areas. As such, we identified eight sites for soil sampling. Two sites were selected 
for sampling in each state (North Dakota (ND), South Dakota (SD), Nebraska (NE), and 
Kansas (KS)). These sites provided a range of climate, soils, tree species, tree age, and 
cropping practices in adjacent fields. Soil samples were collected form a soil pit and two 
adjacent auger holes, and soil profile descriptions were prepared for tree plantings and 
agricultural fields at each site. Detailed climatic and edaphic characteristics of the sites are 
given in Table 3.1.  
Soil sampling 
At each site, a soil pit to a depth of ~1.25 m was dug by hand or with a backhoe 
inside the tree plantings and in the adjacent agricultural lands, which included cultivated 
fields, alfalfa, grasslands, hay, and pasture. Hereafter, we refer to the adjacent agricultural 
lands as “adjacent farmed fields”. To enhance our sampling, samples from two hand auger 
holes adjacent to each pit at each location were also taken. The distance between each auger 
to the pit was ~ 5 m. Soil samples were collected from 0-10, 10-20, 20-30, 30-50, 50-75, 75-
100, and 100-125 cm depth increments within the trees and in the adjacent farmed fields 
within the same soil map unit for each soil pit and auger holes. Surface litter or crop residue 
were removed prior to soil sample collection. Soil pit samples were collected from three 
walls of the soil pit and composited by depth increment. Information and historical records of 
varying details are available on tree planting and past cropping history at the sites (Table 
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3.1). In general, the adjacent field at the McLeod (ND) site cultivated began in ~ 1880 and 
was converted to pasture after the 1935. Similarly, the cultivation of the adjacent small grain 
field at Milnor site (ND) began in 1880’s and continued until 1995 when it was cultivated to 
corn and soybean rotation. At the Mead site (NE), the adjacent field had been under a crop 
rotation of corn-soybean-wheat for over 100 years. Likewise, at Stromsburg (NE), the farmed 
field was mostly been in a wheat-soybean-corn rotation after its first cultivation in the 
1890’s, but was planted to alfalfa for almost 10 yrs before sampling collection.  
Soil preparation and Laboratory Analyses 
The field-moist soil samples were passed through an 8-mm sieve and all visible plant 
material was removed. A subsample of ~200 g of the sieved soil was then passed through a 
2-mm sieve. A ~ 20 g sample of air dry < 2-mm-diameter soil was placed on a roller mill 
(Bailey Mfg., Inc.5, Norwalk, IA) for 12 h to create a fine powder consistency.  
Organic carbon (OC) and 13C isotopic composition were determined for the whole 
soil using dry combustion (Flash 1112, Thermo Finnigan, San Jose, CA) interfaced to an 
isotopic-ratio mass spectrometer (Delta V Advantage, Thermo Fisher Scientific, Waltham, 
MA). Bulk density was measured following the core method (Soil Survey Laboratory Staff, 
1996), core volume 256.35 cm3 (8 cm in diameter and 5.1 cm height), using undisturbed soil 
samples taken at depths of 0-10, 10-30, 30-75, and 75-100 cm from each of the three pit 
walls. Cores were weighed, dried at 105°C for 48 hrs and weighed again to determine the 
oven dry mass.  
                                                 
5 Trade names or the commercial products in this article are solely for the purpose of providing specific 
information and does not imply recommendation or endorsement by authors or their institutions.  
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Calculation 
The C isotope ratios (13C) are reported relative to the Pee Dee Belemnite standard 
and were calculated as follows (Coplen, 1996):   
            𝛿13𝐶 (‰) = ([𝑅𝑠𝑎𝑚𝑝𝑙𝑒 − 1]/𝑅𝑠𝑡𝑎𝑛𝑑𝑎𝑟𝑑) ∗ 1000                [1] 
Where;  
R sample is the 
13C/12C ratio of the sample. 
R standard is the 
13C/12C ratio of the Pee Dee Belemnite standard 
The total SOC stocks within the profile were calculated for each soil sample and 
depth increment as follows (Eq. 2): 
SOC stocks = SOC concentration × BD × Soil layer thickness   [2] 
Where,  
SOC stocks  = C stocks expressed in kg m–2  
SOC concentration  = C in each soil layer, g per kg of soil of that depth 
BD  = Bulk density, Mg m–3 
In ideal terms, using the mass balance equation to estimate fractional tree-derived 
SOC requires a good representation of the stable C isotope ratios of the soils before tree 
establishment is needed [i.e. reference site kept under native vegetation]. Thus, using the 
actual measurements of SOM 13C of afforested soils and actual measured values from 
reference soil kept under “undisturbed, native prairie vegetation” in the mixing model is 
preferable. However, if no such reference soil is available,  Hernandez-Ramirez et al. (2011), 
used 13C measurements of soil samples taken from the cropped fields adjacent to trees, 
based on the assumption that these measured 13C values are a good representative of the 
stable C isotope ratios in the soils before tree plantation, and they successfully quantified the 
tree contribution to SOC. However, close inspection of the data must be done before. 
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As described by (Balesdent & Mariotti, 1996) the 13C value of SOC corresponds to 
C input from the vegetation and thus was used to distinguish the SOC derived from C3 plants 
(trees and cool season grasses) and those from C4 plants (most warm season grasses and 
corn). Similar to Follett et al. (1997), a simple mixing model that assumed average isotope 
composition for C3 and C4 plants to be –26.0 and –12.0‰, respectively, was used to estimate 
the relative proportion of SOC derived from C3 and C4 plants (Eq. 3 and 4). 
FC3- derived SOC = (δ13Csoil sample – δ13CC4) / (δ13CC3 – δ13CC4)                 [3] 
F C4-derived SOC = 1 – FC3- derived SOC       [4] 
Where;  
FC3- derived SOC  = the proportion of SOC derived from C3 plants  
δ13Csoil sample     = the δ13C of SOM of a given soil sample 
δ13CC3  = the average δ13C value of the C3 plants (–26‰) 
δ13CC4  = the average δ13C value of the C4 plants (–12‰) 
F C4-derived SOC  = the proportion of SOC derived from C4 plants 
Following Haile et al. (Haile et al., 2010) the contribution of total SOC by C3 and C4 plants 
were estimated as follows (Eq. 5 and 6) :  
C3-derived SOC = (F C3-derived SOC) × (SOC stocks, kg m
-2)     [5] 
C4-derived SOC = (F C4-derived SOC) × (SOC stocks, kg m
-2)     [6] 
SOC stocks derived from C3 or C4 plants were then added to obtain cumulative C3 
and C4-SOC stocks for the 0-30, 30-125, and 0-125 cm soil depths, hereafter we refer to it as 
“surface soil”, “subsurface soil” and “entire soil profile”, respectively. 
Statistical analysis  
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At each site, a two-sample t-test was used to examine the relative contribution of trees 
and the adjacent farmed fields to SOC. The differences of C3- and C4-derived SOC in the 
profile was examined as follows; we tested the differences in the surface (0-30cm), 
subsurface (30-125 cm), and total soil profile (0-125cm). All statistical analyses were 
performed using R software version 3.4.2 (R Development Core Team, 2013). 
Results 
Soil C changes 
At all sites, SOC concentration decreased with increasing depth (Fig. 3.1). At nearly 
all sites, the subsurface soils stored more SOC stocks than the surface soils beneath trees 
(9.54± 1.45 vs. 8.84± 1.10 kg m–2) and beneath the adjacent farmed fields (7.85± 1.05 vs. 
7.61± 0.80 kg m–2 (mean±standard error), respectively (Chapter 2, Table 2.2, and Fig. 2.3). 
This finding is in general agreement with several previous studies suggesting that deep SOC 
is a major contributor to the total C pool (Harper & Tibbett, 2013; Cardinael et al., 2015, 
2017). Overall, tree soils had higher SOC stocks to 1.25 m and were on average 2.93± 2.07 
kg m–2 greater than soils of the adjacent farmed fields.  
Soil bulk density at 10 cm was higher by 7.6% in the adjacent farmed fields than the 
trees (1.42 vs. 1.32 g cm–3), respectively, see (Chapter 2, Fig. 2.5). The lower bulk density 
under trees as compared to the adjacent farmed fields is a common trend and was also 
observed in other studies (Sauer et al., 2007, 2012; Hernandez-Ramirez et al., 2011). 
δ13C of SOC and plants 
Distinctive soil δ13C shifts were detected across all sites and land-use systems (Table 
3.2). The δ13C values across land-use systems and depth increments varied from –12.83‰ in 
the adjacent grassland at the Marquette site to much lower values (–24.68‰) beneath the 
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trees at the McLeod site. Measured δ13C values increased with depth at nearly all sites but 
were not always statistically significant (Table 3.2, Fig. 3.2). Tree soils showed lower δ13C 
values than those for the adjacent farmed fields at nearly all sites and depth increments 
(Table 3.2). The surface soils beneath trees at the Milnor, Mead, Marquette, and McPherson 
sites exhibited a pronounced shift in δ13C values. The Marquette site had a marked gradient 
of δ13C values, from –15.42‰ under the adjacent farmed field to lower value (–24.15‰) 
under the trees in the surface 0-10 cm soil. Similar, but less-pronounced trends were 
observed at the Mead and McPherson sites (Fig. 3.2 e, g, and h). Overall, the mean δ13C 
values of the tree soils ranged from –20.43 to –24.68‰ beneath red cedar trees at Stromsburg 
site (NE), and ponderosa pine trees at McLeod site (ND), respectively, for the surface 0-10 
cm soil depth.  
Results from δ13C analysis of the soils are consistent with the tree C input being 
exclusively C3 while the isotopic values of SOC in adjacent farmed fields are consistent with 
inputs from a mixture of C3 and C4 plants. At some sites, the C3 plants were more dominant 
than C4, which we attributed to regional vegetation shifts from more C3 to more C4 plants 
from north (e.g. McLeod, ND), to south (e.g. McPherson, KS). This trend may be due to 
changes in native vegetation with greater dominance of warm season grasses (C4) at southern 
sites. This finding is in general agreement with a previous study reporting a regional shift 
from dominant C3 to C4 plants from north to south in the North American Great Plains (Follet 
et al., 1997). The mean δ13C value of above-ground biomass samples averaged –28.23, –
24.08, and –12.31‰ beneath trees, the adjacent forage lands, and cultivated fields, across all 
sites respectively. 
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Plant sources of SOC in soil 
On the basis of the mass balance estimation, SOC stocks were separated into those 
originating from C3 and C4 plants. The source partitioning of SOC stocks revealed that C3-
derived SOC was higher under trees at nearly all sites and depth increments than the adjacent 
farmed fields, except at the Corsica East site (Fig. 3.3).  At this site, the soil profile beneath a 
15 yrs-old honey locust tree planting had significantly lower SOC stocks compared to the 
adjacent farmed field (Fig. 3.3c).  
Across all sites, SOC stocks derived from C3 plants were 43, 31, and 37.81% greater 
under the trees than the adjacent farmed fields (5.67± 0.89 vs. 3.95± 0.72, 4.34± 0.98 vs. 
3.31± 0.62, and 10.01± 1.66 vs. 7.26± 1.25 kg m–2 (mean± standard error)) in the surface, 
subsurface, and the entire soil profile, respectively. Overall, soil beneath trees across all sites 
averaged 2.75± 1.10 kg m–2 (mean±standard error) higher C3 derived SOC stocks than the 
adjacent farmed fields in the entire soil profile. On average, the differences [between trees 
and the adjacent farmed fields] in C3-SOC to 1.25 m ranged from 6.71 under the Osage 
orange trees at the McPherson site to –3.14 kg m–2 under honey locust trees at Corsica East 
site (Table 3.3). Most of the C3-SOC in the soil profile was found in the surface 0-10 cm 
layer of soil and was on average 48% greater than the adjacent farmed fields (3.03± 0.38 vs. 
2.05± 0.39 kg m–2 (mean±standard error)). A reverse trend was observed for the SOC derived 
from C4 plants, especially in the surface soil, where the adjacent farmed fields across all sites 
had on average 15% greater C4-SOC stocks than the tree soils (3.66 vs 3.18 kg m
–2) (Fig 3.3).  
The SOC partitioning data of soils beneath trees and the adjacent farmed fields 
measured from McLeod, ND, to McPherson, KS, showed a strong north to south decrease in 
SOC derived from C3 plants and a corresponding increased contribution from C4 plants, 
especially in the subsurface soil of the Mead, Stromsburg, and Marquette sites (Fig 3.3e, f, g, 
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and h). This finding is similar to the findings of Follett et al. (1997) of regional vegetation 
patterns of C3 and C4 plants.  
Discussion 
With the objective of assessing the impact of tree plantings on SOC content and 
distribution, our results showed a consistent pattern of higher SOC stocks beneath trees as 
compared to the adjacent farmed fields and across all sites. Moreover, the increase in the C3-
derived SOC in consistent with other earlier studies of AFS in the U.S in the surface 
(Hernandez-Ramirez et al., 2011), and in deeper soil profile (Haile et al., 2008). 
The changes in δ13C of SOM with depth  
The enrichment of SOC δ13C with depth is a common trend and was observed in all 
soils of this study, and soils of other studies examining afforestation of cropped soils effect 
on SOC (Del Galdo et al., 2003) and in other SOM turnover studies after conversion of forest 
lands to agricultural lands or vice versa (Balesdent, 1993; Arrouays et al., 1995; Balesdent et 
al., 1996). The mechanistic basis of SOM δ13C enrichment with depth is correlated with the 
SOM age and degree of decay (Balesdent, 1993; Balesdent & Mariotti, 1996), as well as to 
the presence of millennia-old C in the profile that is enriched with 13C compared to more 
recent C (O’Brien and Stout 1978). Further interpretation and explanation on SOM δ13C 
enrichment with depth were given by O’Brien and Stout (1978), Ladyman and Harkness 
(1980), Balesdent (1993), Bekele and Hudnall (2003), Kramer and Gleixner (2008), and 
(Ehleringer et al., 2000).   
Relative to the adjacent farmed fields, tree soils exhibited lower δ13C values in the 
surface 0-10 cm soil layer (–20.37 vs. –22.78‰), which is attributed to the incorporation of 
tree litter and biomass to the surface soil after tree establishment, thus indicating a shift in C 
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source. Similarly, using the natural abundance of C isotopes, both Billings and Richter 
(2006) and Hernandez-Ramirez et al. (2011) documented lower δ13C values under trees when 
examining the influence of tree development and afforestation of degraded lands on SOM 
dynamics, respectively. 
Tree contribution to SOC with depth. 
From this study, it emerged that trees had 16 and 22% greater SOC stocks in the 
surface and subsurface soils, respectively, as compared to the adjacent farmed fields. The 
effect of tree planting on SOC storage was observed among all sites, yet the approximate 
proportion of C3 and C4 contributions to SOC varied among sites and depth increments (Fig. 
3.3). Some sites had more pronounced changes in the C3-SOC than others. For example, at 
the McPherson site, trees contributed to significantly higher C3-SOC stocks as compared to 
the adjacent farmed field (6.28 vs. 2.76, 5.89 vs. 2.93, and 12.17 vs. 5.69 kg m–2) in the 
surface, subsurface, and the whole soil profile, respectively (Fig.3.3h and Fig.3.4h). 
Similarly, C3-SOC stocks were higher (but not significantly so) under the trees than in the 
adjacent farmed field at the Milnor site (Fig. 3.4b). Greater C3-SOC was found in the soil 
profile under the green ash tree plantings as compared to the adjacent farmed field at the 
Mead site. The adjacent farmed fields at these three sites are in row-crop production and 
under cultivation, except the McPherson site which has been converted to no till management 
three years before sampling.  
The spatial variation of soil properties at the Mead site may have contributed to 
anomalous results. At this site, the soil profile description of soil pits under the trees and the 
adjacent row crop fields showed that the soils were two different series even though the row 
crop pit was only 20 m from the tree plantings (see: Chapter2. Appendix 1). At the Corsica 
West site, the surface 10 cm of soil under trees had lower C3-SOC stocks than the adjacent 
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farmed field (Fig. 3.4d). While this site had not been previously tilled, the surface soil under 
the trees has been disturbed due to cultivation between rows for weed control. In addition, at 
this particular site, a dense cool season grass canopy (C3) was found beneath the sparse tree 
canopy, further complicating the discrimination of C3-SOC origin. The relatively low rainfall 
at Corsica likely resulted in slower tree growth, thus less above- and below-ground tree 
inputs.  
Smaller net changes in C3-SOC between trees and the adjacent farmed fields were 
observed at the McLeod, Stromsburg, and the Marquette sites (Fig. 3.4a, f, and g). C3-SOC 
stocks in the soil profile were 2.32, 1.31, and 2.39 kg m–2 greater under the trees as compared 
to the adjacent farmed fields, respectively, and were statistically significant only at Marquette 
(Table 3.3). At the Marquette site, the field was under cropping management before being 
simultaneously planted to trees and grassland during the same year.  
Belowground biomass is usually an important source of SOC (Takimoto et al., 2009; 
Haile et al., 2010). Young trees have low organic inputs of tree litter and root biomass during 
their early years of establishment, hence, may have contributed less to SOC at Stromsburg, 
Marquette, and Corsica East sites as compared to other sites with older trees. Soil disturbance 
during tree planting may also be responsible for some of the lower SOC. 
However, despite the 80 yr-old ponderosa pine at the McLeod sites, inherent soil 
properties (e.g. soil texture) also exert a strong influence on SOC storage and turnover. Soil 
at McLeod is high in sand (91%, see: Chapter 2, Table 2). Sandy soils are known for their 
low ability to hold nutrients and OM as compared to heavy textured soils, thus a smaller 
proportion of SOC is likely to be stabilized in soil aggregates as a result of the rapid 
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decomposition of OM due to the lack of silt and clay contents (Takimoto et al., 2009; Haile 
et al., 2010). 
At the Corsica East, Marquette, and Mead sites, the entire soil profile under the 
adjacent farmed fields had higher C4-SOC stocks as compared to the trees but were only 
significant at Marquette and Mead (Table 3.3). At the Milnor and McPherson sites, 
unexpectedly higher C4-SOC stocks under the trees were observed (Fig 3.4b and h). At 
McPherson at all depths below 10 cm soil under the trees had significantly greater C4-SOC 
stocks than the adjacent row crop field (10.78 vs. 6.72 kg m–2) (Fig. 3.4h). The lower SOC 
beneath the adjacent farmed fields as compared to trees could be attributed to soil disturbance 
through many years of tillage (Fig 3.4b, e, and h). Tillage breaks down soil aggregates and 
accelerates OM decomposition, thus reduces soil C accumulation. Several studies have 
shown the beneficial effect of the lack of soil disturbance under trees on SOC storage (West 
& Post, 2002; Del Galdo et al., 2003; Sauer et al., 2007; Takimoto et al., 2009; Hernandez-
Ramirez et al., 2011). For example, Sauer et al. (2007) reported greater total SOC stocks in 
the tree soils of a Nebraska windbreak as a result of lack of tillage beneath the trees. 
Similarly, Hernandez-Ramirez et al. (2011) found that tillage and soil disturbance in the 0-10 
cm depth increment of the tilled soils depleted SOC stocks as compared to afforested soils in 
Iowa and Nebraska.  
Other sites showed either net increase or decrease in C4-SOC stocks under trees. For 
example, the surface soils under trees at the Corsica West and Stromsburg sites had lower C4-
SOC stocks as compared to the adjacent farmed fields, but, a reverse trend was observed for 
the subsurface tree soils, where trees had higher C4-SOC stocks than the adjacent farmed 
fields. Overall, tree soils across all sites averaged 0.66 and 0.18 kg m-2 higher C4-SOC stocks 
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in the subsurface soil and the entire soil profile, respectively. This finding is contrary to 
expectations. Normally, a net increase in C4-SOC in typical soils of C4 as compared to soils 
of C3 vegetation communities (e.g. trees) is more likely to occur.  
Conclusion 
Our study showed a consistent trend of a shift in SOM 13C values after tree planting. 
The effect of tree presence on SOC was clear and consistent, the trees could also be expected 
to contribute to enhanced deep SOC storage in the longer term. Furthermore, the increase in 
C3-SOC in this study could be a direct manifestation of the higher tree inputs and slower 
decomposition rates of C3-SOC under the trees. The overall results suggest that, in the long-
term, tree integration into agricultural systems may help sequester more C in soil and 
biomass as compared to tree-less system. This long-term C sequestration potential has 
promising environmental and economic implications. However, more studies on C 
sequestration potential of trees are still needed, especially in temperate region.  
Some limitations, such as the lack of information on belowground biomass turnover 
(Takimoto et al., 2009; Nair, 2012), and the limited number of studies on deep SOC 
following tree planted for comparison (Nair, 2012), have contributed to our knowledge gap 
on C storage and sequestration potential of these ecosystems. Thus, more studies are still 
needed. 
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Table 3.1. Summary of field locations. Precipitation and temperature data are 30-yr 
normals from the nearest weather station (National Oceanic and Atmospheric 
Administration 2002) 
Site 
MAP 
(mm) 
MAT 
(°C) 
Tree Species& 
age (years) 
Crop 
(time-
years) 
Soil (USDA Classification) 
McLeod, 
ND 
22.43 43.2 
Ponderosa 
pine  
(80) 
Pinus 
ponderosa 
Pasture          
(80) 
Hecla loamy fine sand (Sandy, 
mixed, frigid Oxyaquic 
Hapludolls) 
Milnor, ND 23.31 43.2 
Elm (50+) 
Ulmus pumila 
Row crop      
(135) 
Forman clay loam (Fine-
loamy, mixed, superactive, 
frigid Calcic Argiudolls) 
Corsica 
east, SD 
24.94 49.0 
Honey locust 
(15) 
Gleditsia 
triacanthos 
Hay               
(15) 
Eakin silt loam (Fine-silty, 
mixed, superactive, mesic 
Typic Argiustolls) 
Corsica 
west, SD 
24.94 49.0 
Green ash (25) 
Fraxinus 
pennsylvanica 
Pasture        
(125) 
Eakin silt loam (Fine-silty, 
mixed, superactive, mesic 
Typic Argiustolls) 
Mead, NE 29.39 49.9 
Green ash ~ 
(40) 
Fraxinus 
pennsylvanica 
Row crop     
(125) 
Tomek silt loam (Fine, 
smectitic, mesic Pachic 
Argiudolls) 
Stromsburg, 
NE 
30.23 50.4 
Red cedar (21) 
Juniperus 
virginiana 
Alfalfa          
(10) 
Hastings silt loam (Fine, 
smectitic, mesic Udic 
Argiustolls) 
Marquette, 
KS 
32.79 55.1 
Black locust 
(29) 
Robinia 
pseudoacacia 
Grassland    
(29) 
Irwin loam (Fine, mixed, 
superactive, mesic Pachic 
Argiustolls) 
McPherson, 
KS 
32.79 55.1 
Osage orange 
(90+) 
Maclura 
pomifera 
Row crop      
(115) 
Irwin silty clay loam (Fine, 
mixed, superactive, mesic 
Pachic Argiustolls) 
MAP (Mean Annual Precipitation), MAT (Mean Annual Temperature). 
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Table 3.2. Mean δ 13C values of soil organic carbon (SOC) at different depths beneath trees and the adjacent farmed fields in the 
U.S. Great Plains. 
  δ 13C values of SOC (‰) 
 
                 
      
 
 
Depth 
(cm) 
McLeod    Milnor   Corsica E   Corsica W  
 Ponderosa  
pine  
Pasture  Elm  Row  
crop 
 Honey  
locust 
Hay  Green ash  Pasture 
            
0-10 –24.68 –24.59  –23.78 –21.26  –20.67 –21.58  –21.52 –22.49 
10-20 –22.49 –21.69  –22.00 –21.03  –18.75 –19.72  –20.16 –19.29 
20-30 –21.18 –19.26  –20.81 –20.91  –18.21 –18.77  –19.77 –18.01 
30-50 –19.59 –18.71  –20.89 –21.64  –19.54 –19.19  –18.59 –18.30 
50-57 –19.50 –19.09  –21.72 –23.52  –20.94 –21.34  –19.63 –20.22 
75-100 –19.24 –18.87  –23.63 –24.46  –21.82 –23.12  –20.13 –21.95 
100-125 –19.50 –19.42  –24.39 –25.08  –23.14 –23.82  –20.86 –24.02 
             
 Mead  
 
  Stromsburg   Marquette   McPherson  
 Green ash Row  
crop 
 Red  
cedar  
Alfalfa  Black  
locust 
Grassland  Osage 
orange 
Row  
crop 
            
0-10 –23.47 –18.33  –20.43 –19.14  –24.15 –15.42  –23.55 –20.17 
10-20 –19.94 –16.65  –17.71 –16.55  –18.50 –15.33  –20.33 –19.15 
20-30 –17.60 –15.76  –15.24 –14.71  –14.26 –13.05  –19.87 –17.48 
30-50 –15.72 –14.35  –14.12 –13.71  –13.57 –12.83  –17.88 –17.08 
50-57 –16.45 –15.31  –13.81 –14.07  –13.96 –13.59  –17.11 –18.06 
75-100 –18.68 –16.47  –15.54 –15.87  –14.66 –13.99  –18.06 –19.03 
100-125 –21.77 –17.36  –18.03 –17.82  –16.15 –14.80  –19.46 –18.22 
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Table 3.2. C3 and C4-derived soil organic carbon (SOC) in soils beneath trees and the adjacent farmed fields in the 
U.S. Great Plains. 
 Depth 
(cm) 
 
McLeod  
  
Milnor 
  
Corsica E 
  
Corsica W 
  Ponderosa 
 pine  
Pasture  Elm  Row 
crop 
 Honey  
locust 
Hay  Green  
ash  
Pasture 
             
C3-SOC  0-30 5.54 3.70  10.99 6.91  3.29* 4.84*  6.09 6.60 
(kg m-2)  30-125 3.15 2.68  6.75 4.12  4.31* 5.9*  9.19** 4.99** 
 0-125 8.69 6.38  17.73 11.03  7.56* 10.73*  15.28*** 11.58*** 
             
C4-SOC  0-30 1.07 1.22  4.53 3.73  2.86 3.28  3.87 4.05 
(kg m-2)  30-125 2.77 2.78  2.99 1.09  2.54 2.91  7.47** 3.61** 
 0-125   3.87 4.00  7.52 4.82  5.41 6.19  11.34** 7.66** 
             
  Depth  Mead   Stromsburg  Marquette  McPherson 
 (cm) Green 
 ash  
Row  
crop 
 Red  
cedar 
Alfalfa  Black 
locust 
Alfalfa  Osage 
orange 
Row  
crop 
             
C3-SOC  0-30 6.08** 2.89**  3.75 2.85  3.33*** 1.07***  6.28* 2.76* 
(kg m-2) 30-125 2.73* 3.68*  2.03 1.62  0.7 0.57  5.89* 2.93* 
 0-125 8.81 6.57  5.78 4.47  4.03** 1.64**  12.17* 5.69* 
             
C4-SOC  0-30 3.22** 5.09**  4.69 4.86  2.40** 4.30**  2.80 2.71 
(kg m-2)  30-125 4.92** 10.34**  8.8 7.04  8.8 4.51  7.98*** 4.00*** 
 0-125 8.14** 15.43**  13.49 11.90  6.46* 8.81*  10.78*** 6.71*** 
Means for samples from shelterbelt and the adjacent fields within each depth at each site followed by *, **, or *** indicate 
significant differences at or < p 0.05, 0.01, 0.001 respectively as determined by the Two Sample T test. A simple mixing equation 
with the average isotope composition (δ13C) for C3 and C4 plants assumed to be –26.0 and –12.0‰. 
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Figure 3.1. Soil organic carbon concentration (g kg-1) with depth for trees and the adjacent 
farmed fields in the U.S. Great Plains.  Error bars represent one standard error of the mean. a 
McLeod, b Milnor, c Corsica East, d Corsica West, e Mead, f Stromsburg, g Marquette, h 
McPherson 
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Figure 3.2. Mean δ13C values of whole soil for the trees and the adjacent farmed fields in the 
U.S. Great Plains. 
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Figure 3.3. Whole SOC stocks divided into C3 (tree) plant origin and C4 (warm season 
grasses) plants origin in different soil depth increments up to 1.25 m in soils of the U.S. Great 
Plains. a McLeod, b Milnor, c Corsica East, d Corsica West, e Mead, f Stromsburg, g 
Marquette, h McPherson.  
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Figure 3.4. Net change of C3- and C4-derived SOC stock with depth under tree windbreaks 
relative to the adjacent farmed fields in the U.S. Great Plains. a McLeod, b Milnor, c Corsica 
East, d Corsica West, e Mead, f Stromsburg, g Marquette, h McPherson 
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CHAPTER 4.    CONCLUSION 
Climate change will likely to increase drought and wind erosion problems in the 
Northern Great Plains (NGP) (Joyce et al., 2018). Historically, when similar conditions 
occurred during the Dust Bowl era of the 1930s, the U.S. Government promoted agroforestry 
practices to address these environmental problems (Dosskey et al., 2017). Since that time and 
until the end of 1942, over 220 million trees were planted as windbreaks to improve soil 
resistance to adverse climatic conditions, improve soil fertility, and to mitigate the effect of 
the Dust Bowl. The project stretched from North Dakota, South Dakota, Nebraska, Kansas, 
Oklahoma, and Texas (Droze, 1977; U.S. Forest Service., 1935). After a decade from the 
project’s inception, trees occupied only a small proportion of the landscape, yet their 
concomitant environmental and economic services were already apparent (Mason & Karle, 
2017). Trees have been recognized for their potential to simultaneously help mitigate climate 
change by sequestering atmospheric carbon (C) in soils and biomass and to stabilize and 
improve soil fertility, enhancing animal and crop production, while increasing yield and 
providing other benefits (Brandle, Hodges, Tyndall, Sudmeyer, & Garrett, 2009). The role of 
trees particularly in the context of agroforestry continues to broadly receive attention as an 
attractive land use option to help mitigate climate change and improve soil quality 
(Schoeneberger, 2009). The potential of trees to increase soil organic matter is a critical soil 
quality features and associated with optimal soil structure, improve infiltration, and soil water 
storage (Sauer, Cambardella, & Brandle, 2007). Knowledge on the variability of soil C under 
these systems is important for understanding the impact that tree-based systems may have in 
enhancing myriad of ecosystem benefits (Dhillon & Van Rees, 2017; Jose & Bardhan, 2012; 
Lorenz & Lal, 2014; Udawatta, Adhikari, Anoma Senaviratne, & Garrett, 2015). 
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Nevertheless, in temperate regions (Nair, Nair, Kumar, & Showalter, 2010), quantitative 
information about belowground C inputs in agroforestry systems continues to be limited 
(Cardinael et al., 2015; Lorenz & Lal, 2014). Moreover, our understanding of soil organic 
carbon (SOC) dynamics and storage mechanisms following tree integration into agricultural 
systems has been limited to the upper 30 cm of surface soil (Haile, Nair, & Nair, 2008; Nair, 
2012). Given the paucity of such data especially under temperate agroforestry systems, this 
study was undertaken to explore the impact that these historical tree plantings in the NGP 
region have had on SOC storage at deeper depth and their potential to improve overall soil 
quality on soils in low rainfall areas like the NGP.  
To achieve this examination of SOC dynamics, a series of analyses were undertaken 
utilizing soil samples collected from eight sites in four Northern Great Plains states (two sites 
in each state, North Dakota, South Dakota, Nebraska, and Kansas), thus capturing a range of 
climate, soil type, tree species, tree age, and cropping practices in the adjacent fields. The soil 
samples were taken at seven depths 0-10, 10-20, 20-30, 30-50, 50-75, 75-100, and 100-125 
cm within the trees and in the neighboring farmed fields within the same soil map unit.  
In the first study (Chapter 2), the results showed that tree soils had on average 1.24, 
and 1.69 kg m–2 greater SOC stocks than the adjacent farmed fields, in the surface and the 
subsurface soil, respectively. The results also revealed that subsurface soils beneath trees and 
the adjacent farmed fields had greater SOC stocks as compared to surface soil (9.54 vs 8.84 
kg m–2) and (7.85 vs 7.61 kg m–2), respectively. Suggesting that deep SOC is a significant 
contributor to the C pool as was reported in previous studies (Cardinael et al., 2015; Harper 
& Tibbett, 2013). Lower bulk density and greater amount of water stable aggregates have 
been observed under the trees as compared to the adjacent farmed fields.  
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Stable carbon isotopic ratio study (Chapter 3) showed that tree soils across all sites 
averaged 2.75± 1.10 kg m–2 (mean±standard error) higher C3- derived SOC stocks than the 
adjacent farmed fields in the entire soil profile. The result also revealed that most of the C3-
SOC in the soil profile was found in the surface 0-10 cm layer of soil and was on average 
48% greater than the adjacent farmed fields (3.03± 0.38 vs. 2.05± 0.39 kg m-2) 
(mean±standard error).  
In conclusion, the two studies included in this thesis sought to advance understanding 
of the impact of tree plantings on soil organic carbon storage and dynamics, and the relevant 
soil physical and chemical properties. The results suggest that the higher SOC under trees 
have occurred primary due to the higher C inputs from above- and belowground biomass and 
the slower turnover rate of soil organic matter. In addition, overall findings indicated that, 
trees carbon sequestration potential varies as a result of; site management, lack of tillage, tree 
age and species, soil texture, and climate. However, current and future C quantity 
assessments need to be further supplemented with information about the quality and the 
turnover of the deep SOC. Perhaps, the examination of SOM fractions combined with stable 
isotope analysis for C source assessment, would provide further insights into SOC dynamics 
under such practices. In addition, infiltration and soil water holding capacity studies would 
also further elucidate the benefits of SOC accumulation and storage to the soils and beneath 
these systems.  
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